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Summary 
Aviation safety regulations in Australia and overseas permit the carriage of an infant passenger 
on the lap of an adult; however, this practice is known to be unsafe in an emergency landing 
scenario. While automotive child restraint systems (CRS) have been found to provide 
adequate protection to infant passengers, safety issues associated with their use have been 
identified. Principally, they may interfere with the dynamic behaviour of the aircraft seat, 
increasing the risk of injury to an adult seated directly behind. In particular, the behaviour of 
CRS installed using the novel LATCH and ISOFIX methods has previously been poorly 
understood.  
This study compared and evaluated the safety of seating arrangements involving infant air 
transport passengers under emergency landing conditions. Two arrangements were 
considered: the infant was either held on the lap of an adult or seated in a forward-facing 
CRS. A partially validated numerical model was used to study seat behaviour and measure 
injury potential. Results were analysed to compare the safety of different configurations, to 
evaluate safety in terms of an occupant protection standard and to predict the occurrence and 
severity of a particular injury using existing biomechanical relationships. 
One of two practices applies to lap-held infants depending on the jurisdiction a flight is 
operating under: the infant is either unrestrained or restrained by a supplementary loop belt. 
This study presents the first comparison of the safety of these restraint conditions and an 
evaluation of the risk of abdominal injury associated with the supplementary loop belt. 
Analysis demonstrated that, regardless of restraint condition, the lap-held arrangement does 
not represent a means of protecting an infant from injury in an emergency landing scenario. 
During the impact sequence an unrestrained lap-held infant is likely to be projected through 
the aircraft cabin, while a lap-held infant restrained by a supplementary loop belt is at risk of 
serious abdominal injuries.  
Though the adoption of an emergency brace position by an adult carrying a lap-held infant 
was found to be beneficial, infant injury potential remained high. Of the three brace positions 
studied, a modified position proposed by this study was the most effective in reducing head 
injury potential for the infant.  
Three CRS installation methods - the aircraft seat lap belt, ISOFIX and LATCH - were 
analysed in terms of CRS performance and behaviour. Each installation method was found to 
xv 
adequately protect the infant CRS occupant. The ISOFIX method resulted in a small increase 
in head injury potential for an adult seated directly aft, while in the lap belt and LATCH cases 
a significant increase was observed. The absence of a CRS occupant was found to slightly 
mitigate head injury to the aft-seated adult in the ISOFIX case but resulted in a further 
significant increase in the lap belt and LATCH cases. The presence of a CRS in the seat 
directly forward of an adult passenger was found to mitigate the risk of neck injury in the 
adult regardless of whether the CRS is occupied. 
Some airlines specifically prohibit the use of Australian-certified CRS, presumably due to the 
requirement that these CRS be installed using a ‘top tether’ strap. This study found that the 
use of a top tether does not present any benefit in terms of reduced CRS motion or decreased 
injury potential for the CRS occupant. The prevention of aircraft seat-back rotation did not 
improve the efficacy of the top tether; in fact, this served to promote infant head and neck 
injury. 
This study makes the following four recommendations: 
1. The practice of holding an infant passenger on the lap should be prohibited. Until 
this is the case, advice on emergency brace positions involving lap-held infants 
should be revised to include a lateral offset between the head of the infant and that 
of the adult. 
2. The use of automotive child restraints to restrain infant passengers should be 
mandated. 
3. Any requirement for the use of a top tether in aircraft CRS installations should be 
removed. 
4. Child restraint systems should be installed in outboard seats directly forward of a 
bulkhead, unoccupied space or another CRS. 
xvi 
1 Introduction 
1.1 Background and significance 
In 1962 Dr Stanley R. Mohler, the director of what is now the US Federal Aviation 
Administration Civil Aeromedical Institute, wrote: 
“A particular need exists for proper infant protective equipment (in many cases at present the 
mother must hold her infant during the take-off and landing of an airliner)...”[1] 
Fifty years later it remains common practice for an infant to be held on the lap of an adult 
during air travel despite several studies in the last two decades finding that this is unsafe in an 
emergency landing[2-5]. Automotive child restraint system (CRS) are known to improve the 
safety of infant aircraft passengers[2, 3, 6-8], though their use in aircraft is complicated by 
issues such as geometrical incompatibility with the aircraft seat, poorly controlled CRS motion 
under emergency landing conditions and, in Australia, the mandatory use of a ‘top tether’ 
strap[3-6, 9, 10]. Preliminary evaluations[2, 10] of novel CRS attachment methods such as 
ISOFIX and LATCH suggest they overcome the issue of poorly controlled CRS motion but 
may restrict the energy-absorbing function of the aircraft seat back and promote injury to a 
passenger seated directly aft. 
From a regulatory viewpoint, the issue as it stands today presents several problems: 
• Aviation safety regulations[11, 12] permitting the carriage of infants on the lap are 
incongruous with advisory material[8] and research[4] published by the same 
regulatory bodies declaring this practice to be unsafe.  
• At the international level, aviation safety regulators disagree on whether a lap-held 
infant is best protected when restrained by a supplementary belt or by only the arms 
of the adult passenger[11, 13]. 
• Emergency brace positions are proven to provide significant protection to adults 
during emergency landings[14]. None have been evaluated for lap-held infants. 
• The use of CRS in aircraft is widely permitted by law; however, in Australia, individual 
airlines may prohibit their use. 
A possible reason for this lack of coherence is that studies on the topic to date have been 
disparate in their method and scope, producing little or no data describing injury risk for the 
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infant. This situation is in turn a result of the experimental method employed by those 
studies[2-5], i.e. physical deceleration sled tests. This type of experiment is costly and does not 
permit the measurement of the impact loads on the infant; these loads must be fully 
understood before an accurate prediction of injury potential for the infant can be made.  
This study applies a numerical modelling approach to the problem of how to most safely carry 
infants aboard transport aircraft. In so doing it forms the first detailed evaluation and 
comparison of injury potential across a range of configurations involving infants in air 
transport. This information is used to arrive at a series of recommendations aimed at 
improving the safety of infant airline passengers.  
1.2 Research questions 
The objectives of this study were to evaluate the injury potential for a lap-held infant and to 
determine the safety risks associated with the use of automotive child restraint systems, 
particularly those installed by the novel LATCH and ISOFIX methods. A review of global 
aviation safety regulations, air accident reports and past studies related to infant safety in air 
transport gave rise to the following research questions: 
1. What are the safety risks for the lap-held infant? 
i. How is the risk of injury for the lap-held infant affected by the use or 
non-use of a supplementary loop belt?  
This study presents the first comparison of injury potential for the lap-held 
infant with and without the use of a supplementary loop belt.  
 
ii. What are the characteristics of the forces acting on the head of the lap-
held infant? 
This study is the first to predict the forces acting on the infant’s head during 
impact. This information will be useful in the future as infant head injury 
models are refined, enabling a detailed analysis of infant head injury potential.  
 
iii. Are the recommended emergency brace positions involving lap-held 
infants effective in preventing injury to the infant?  
This study is the first to evaluate the efficacy of emergency brace positions 
involving lap-held infants. A comparison of the performance of two brace 
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positions recommended by safety regulators is presented and a modified 
position which results in improved safety outcomes is proposed.  
 
2. What are the safety risks associated with the use of automotive child restraints 
in air transport, particularly those installed by novel methods? 
i. How do novel CRS installation methods affect the dynamic 
performance of the CRS and what is the corresponding effect on injury 
potential for the infant? 
Novel CRS installation methods have been identified as a possible solution to 
poorly controlled CRS motion in aircraft. This study is the first to undertake a 
detailed analysis of the dynamic performance of CRS installed using novel 
methods with a focus on occupant injury as well as CRS kinematics. 
 
ii. How do novel CRS installation methods alter the behaviour of the 
aircraft seat and what is the corresponding effect on the safety of an 
adult seated directly aft?  
This study is the first to investigate in detail the potential negative effects[2, 
10] on the safety of an adult seated directly aft of a CRS installed by novel 
methods. Through a parametric analysis taking into account seat pitch, CRS 
installation method and CRS occupant size the mechanisms of these effects 
are identified and discussed. 
 
iii. Are current practices of top tether use effective in controlling CRS 
motion and what is the corresponding effect on infant injury potential?  
The regulatory requirement in Australia for the use of a top tether in CRS 
installation may discourage airlines from allowing the use of CRS. This study is 
the first to investigate the efficacy of the top tether in a typical airline 
installation including a situation where the aircraft seat has been modified as 
proposed by a previous study. 
 
1.3 Scope 
This study considered the safety of seating arrangements involving infants under emergency 
landing conditions only; other loading conditions such as turbulence were not considered.  
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1.4 Method overview 
Several series of experiments, detailed in chapters six to nine, were designed and carried out 
with the aim of answering the research questions posed in section 1.2 above. To facilitate 
these experiments a numerical model of a typical air transport seating arrangement was 
developed for use as an experimental platform. This method was chosen over further physical 
experiments for its infinite adaptability, low cost per experiment and its ability to measure 
important parameters such as contact force[15]. The model development process is detailed in 
chapter three. 
To enable validation of the model its design replicated that of physical experiments carried 
out by the Australian Civil Aviation Safety Authority (CASA)[2]. In the validation process, 
eight of the experiments carried out by the CASA study were replicated using the numerical 
model and the results were compared with high frame-rate video footage and sensor signal 
data obtained from CASA. The details of model verification, validation and implementation 
are presented in chapter five. 
This study was developed and conducted within the bounds of several limitations which are 
detailed in section 10.3. 
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2 Infant air transport passengers: a review 
2.1 Introduction 
This chapter presents a review of Australian and international transport safety regulations, air 
transport accident reports and past studies relevant to the safety of infant air transport 
passengers under emergency landing conditions. 
2.2 Regulatory and operational aspects 
2.2.1 Australian aviation regulations 
Australian aviation regulations[11] require that all passengers, regardless of age, be restrained 
by a harness or seat belt during: 
• takeoff, 
• landing, 
• instrument approach, 
• flight less than 1000 feet above terrain, and 
• turbulence. 
During these times, all passengers must occupy a seat. An exception is made for infants, 
defined as passengers aged less than three years, who may alternatively be: 
• held on the lap of an adult passenger, 
• carried in a suitably-restrained bassinet, or 
• seated in an approved and suitably-restrained ‘infant seat’. 
This provision does not except any passenger from the requirement that all passengers be 
restrained. CASA advisory material[11] states that a supplementary loop belt (see section 
2.3.1) is the only known device that provides acceptable restraint for an infant held on the lap 
of an adult. Currently, no bassinet devices are approved for use as a restraint in Australian 
transport category aircraft. 
CASA advisory material[11] also states that during a severe but survivable crash a lap-held 
infant restrained by a supplementary loop belt is not provided a level of safety equivalent to a 
separately-seated adult. 
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2.2.2 International aviation regulations 
Aviation regulations in Europe and the United Kingdom allow infants up to the age of 24 
months to be held on the lap of an adult passenger; in this situation the use of a 
supplementary loop belt is mandatory. Infants may also be seated in an approved CRS.  
Aviation regulations in the United States and Canada allow infants up to the age of 24 months 
to be held on the lap of an adult passenger. In these jurisdictions the use of a supplementary 
loop belt is prohibited and the infant must be restrained only by the arms of the adult 
passenger. Infants may also be seated in an approved CRS. 
Aviation regulations in the United States are unique in their requirement that airlines must 
allow the use of aviation-approved CRS when a ticket has been purchased for the seat in 
which the CRS will be installed[13]. Such a requirement does not exist in Australia or other 
countries, leading to a situation where some airlines prohibit the use of CRS. 
2.2.3 Australian operational environment 
In Australia individual airlines set their own policies regarding the carriage of infants within 
the scope of CASA regulations. Of the four major domestic carriers, each allows infants up to 
the age of 24 months to be restrained on the lap of an adult[16-19]. Two carriers allow the use 
of CRS meeting Australian and overseas design standards[16, 17]. One carrier specifically 
prohibits the use of CRS meeting Australian design standards but allows those from 
overseas[19] while the fourth prohibits the use of CRS entirely[18]. Of the two domestic 
carriers that allow the use of Australian CRS, one carrier’s policy is that rear-facing restraints 
will only be approved for use if a member of the infant’s travelling party occupies the seat 
forward of the CRS due to potential difficulties in reclining that seat[16]. 
2.3 Safety of the lap-held infant 
Lap-held infants account for approximately 1% of air transport passengers in the US[20]. 
Worldwide, the regulations of individual jurisdictions mandate one of two opposing restraint 
conditions for lap-held infants: 
1. The infant must be restrained by a supplementary loop belt, as is the case in 
jurisdictions including Australia, the United Kingdom and Europe. 
2. The infant is unrestrained, as is the case in jurisdictions including the United States 
and Canada. The use of a supplementary loop belt is prohibited. 
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2.3.1 The supplementary loop belt 
The supplementary loop belt is essentially a lap belt that is fastened around the infant and 
connected to the adult’s belt by a webbing loop. It consists of a length of 50 mm wide 
polyester or nylon webbing of the type used in the aircraft seat lap belt. At each end are 
mating halves of a typical aircraft seat belt buckle; stitched at the centre is a small connecting 
loop of webbing which the adult’s lap belt is passed through. 
 
Figure 2-1 The supplementary loop belt[7]. 
Restraints suitable for infants should spread restraint forces over a large portion of the body 
[21]; however, the supplementary loop belt applies restraint forces over only a small portion 
of the body and in an area with little underlying structure. In adults, a lap belt is positioned 
over the bony structure of the iliac crest in order to most effectively transmit the arresting 
force into the body. In infants, however, the iliac crest is not fully developed and this results 
in the supplementary loop belt being positioned entirely over the abdomen[7]. 
Several studies[2-5, 7] have considered the safety of lap-held infants. However, each study 
considered only one of two possible restraint conditions for the infant: the infant was either 
unrestrained or restrained by a supplementary loop belt. No previous study has compared the 
effect of supplementary loop belt use or non-use on the loads acting on the lap-held infant.  
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Lap-held infants are vulnerable to impact with the forward seat and the adult passenger on 
whose lap they are seated regardless of restraint condition[2-5, 7]. The two primary safety-
related differences between the two restraint conditions are that an unrestrained infant is at 
risk of being thrown about the aircraft cabin  if the adult is unable to restrain them[5, 20, 22, 
23] while an infant restrained by a supplementary loop belt is at risk of the so-called ‘seat belt 
syndrome’[28] (see section 3.4.4). 
2.3.2 Injury potential 
Several studies have made qualitative assessments of the safety of an infant carried on the lap 
of an adult aircraft passenger during rapid forward deceleration[2-5, 7]. In each of these 
studies, aircraft seats were mounted on a deceleration sled and occupied by anthropomorphic 
test devices (ATDs, or ‘crash test dummies’). Differences in ATD type, applied acceleration 
pulse and aircraft seat type and configuration preclude a direct comparison of results; 
however, the conclusion of each study was similar: the lap-held infant is at risk of injury under 
emergency landing conditions. No study has thus far attempted to quantify infant injury 
potential. 
• A 1990 study[5] by Hardy assessed the case of an unrestrained lap-held infant, finding 
that this method “is likely to promote fatalities and injuries to these children during 
impact situations.” 
• A 1994 report[4] by Gowdy and DeWeese at the US Federal Aviation Administration 
(FAA) Civil Aeromedical Institute assessed the case of a lap-held infant ATD 
restrained by a supplementary loop belt. The authors reported that dynamic testing 
confirmed “[t]he impossibility of protecting a small child, by any means, sitting on the 
lap of an adult restrained by seat belts...” 
• A 2006 report[3] by Gibson, Thai and Lumley detailed the results of dynamic testing 
of a lap-held infant ATD restrained by a supplementary loop belt. It was found that 
“the forward motion of the adult dummy in a lap belt trapped and crushed the infant 
in the space between the front row seat back, the head and torso and the knees of the 
adult.” 
• A 2008 report[7] by the TUV Rheinland organisation concluded that a lap-held infant 
is at risk of “extremely serious to fatal injuries” due to crushing by the adult and also 
abdominal loading by the supplementary loop belt. 
• A 2009[2] report by Bathie of CASA concluded that for the case of an infant 
restrained by a supplementary loop belt on the lap of an adult, infant ATD injury 
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measurements indicated “excessive head and neck trauma” (see Figure 2-2 below). 
The author noted that there was no available means of measuring pertinent infant 
injury parameters such as compression of the head, chest and abdomen. 
 
Figure 2-2: Frame of high-speed footage from CASA study[2]. The head of the 50th percentile 
adult ATD impacts the head of the eighteen-month-old infant ATD, which impacts the 
forward seat-back.  
2.3.3 Emergency brace positions 
An emergency brace position is intended to mitigate injury risk during an emergency landing 
by minimising flailing of the occupant’s body[24, 25]. In the 1989 Kegworth incident (see 
section 2.5.2.2 below), passengers received little warning of the impending impact; some 
passengers adopted an emergency brace position while others did not. Using this incident as a 
case study, White, Firth and Rowles[14] found that the adoption of an emergency brace 
position provides significant protection from injury during emergency landings. 
Aviation safety regulators give specific advice regarding emergency brace positions for adults 
carrying lap-held infants. The FAA recommends that the adult “provide as uniform support 
as possible to the infant's head, neck, and body, and lean over the infant to minimize the 
possibility of injury due to flailing”[26] without specifying the orientation of the infant. 
Transport Canada’s recommended position (see Figure 2-3 below) is coherent with that of the 
FAA, adding that the adult should place one arm around the infant and the other against the 
forward seat-back and that the infant should be oriented upright and facing the adult. 
Australian passenger safety information guidelines[27] do not explicitly describe brace 
positions but instead reference those of the FAA[26]. 
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 Figure 2-3: Brace position recommended by Transport Canada for an adult with a lap-held 
infant.[28] 
The efficacy of various emergency brace positions for adult passengers has been studied by 
physical testing[25]; however, no prior study has considered whether the brace positions 
described above provide a sufficient level of protection to the lap-held infant. 
2.4 Automotive child restraints in aircraft 
Automotive child restraint systems have been found to be effective in reducing the risk of 
death to infants in severe road accidents[29]. In automobiles the use of CRS is widely 
mandated by law. Their use has been found to reduce the risk of death or injury for infants in 
automobile accidents by 70% compared to cases where the infant is unrestrained[30].  
Research into the use of CRS in aircraft was first carried out in 1978[31] and the practice has 
been allowed by the FAA since 1982[4]. Studies have found that CRS are capable of 
improving the safety of an infant aircraft passenger under emergency landing conditions 
compared to an infant who is seated on the lap of an adult or directly in an aircraft seat[2, 3, 
6-8]. Advisory material produced by CASA[8] states that a CRS is able to provide an infant 
with an equivalent level of safety to that of a separately-seated adult during a severe but 
survivable crash. However, several issues associated with the use of automotive CRS in 
aircraft have been identified: 
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• the CRS may be geometrically incompatible with the aircraft seat[4],  
• the path of the aircraft seat lap belt through the CRS may result in poorly controlled 
CRS motion[3, 4], 
• in Australia it is mandatory to use a connecting strap between the top of the CRS and 
the vehicle structure (a ‘top tether’)[2], and 
• the dynamic performance of CRS installed by novel methods and the corresponding 
effect on the safety of a passenger seated directly aft are not well understood[2, 10]. 
This section presents an elaboration on the above points. 
2.4.1 Geometrical incompatibility 
Geometrical factors affecting the compatibility of CRS with aircraft seats are twofold. The 
geometry of some CRS models prevents them from physically fitting into the aircraft seat[3, 
4], while some CRS geometries prevent the proper tensioning of the lap belt and operation of 
the lap belt buckle when the lap belt is passed through the CRS[3, 4]. This issue is presently 
being addressed in Australia and internationally by proposed amendments to CRS design 
standards. 
2.4.2 Dynamic performance of CRS in aircraft 
Through a dynamic test program involving mostly North American convertible (i.e. able to be 
installed forward- or rearward-facing) and aft-facing CRS, Gowdy and DeWeese[4] found that 
the use of a CRS, while preferable to restraint by a lap belt only, does not necessarily ensure 
the safety of the infant. The dynamic performance of aft-facing CRS was found to be 
satisfactory; however, that of forward-facing convertible CRS generally was not. The principal 
reason for this was excessive forward motion of the CRS during deceleration resulting from 
unfavourable belt anchor geometry on the aircraft seat. 
The issue of excessive motion was also apparent in dynamic testing of eleven Australian 
forward- and aft-facing CRS by Gibson, Thai and Lumley[3]. It was found that all tested CRS 
“exhibited significant forward motion, rotation and rebound motion.” Reasons given for this 
were that the path of the lap belt was too close to vertical and that the top tether was either 
ineffective or absent. Despite this, however, the authors concluded that infant air passengers 
are “far safer” when restrained in a CRS than if they were lap-held or restrained only by the 
aircraft seat lap belt. 
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An extended investigation by Bathie[2, 6] included dynamic testing of forward- and aft-facing 
Australian CRS in aircraft seats. It was found that while the lack of an effective top tether 
arrangement led to excessive CRS motion, the CRS tested performed adequately and afforded 
the infant occupant a good level of protection[2, 6]. 
Modern transport category aircraft seat-backs are designed to ‘break over’ in the event of 
rapid forwards deceleration; i.e., the seat-back rotates forward in a controlled manner. The 
intent of this feature is to mitigate injury risk for a passenger who flails forward and contacts 
the seat-back. Prior studies have identified that interaction between the CRS and seat-back 
may lead to increased injury to both the CRS occupant[10] and the passenger seated directly 
aft[2]. 
2.4.3 Top tether requirement 
Australian CRS design standards[32] require the use of a ‘top tether’, a webbing strap between 
the CRS and the vehicle structure intended to prevent fore-aft rotation of the CRS. CASA 
advisory material states that a CRS “must be secured to the aircraft seat in accordance with 
the child seat manufacturer’s instructions or an approved alternate method”. The combination 
of these two requirements effectively mandates the use of a top tether in the installation of 
Australian-designed CRS in aircraft.  
Australian air carriers that permit the use of Australian-designed CRS satisfy the top tether 
requirement by making a limited number of ‘anchor straps’ available for top tether 
attachment. The webbing anchor strap is attached to the aircraft seat leg structure; the top 
tether is passed over the seat-back and attached to the anchor strap. This arrangement has 
been shown to be largely ineffective in controlling CRS rotation when installed on a seat with 
seat-back break-over capability[3, 6]. Additionally, this arrangement prevents the use of the 
tray table by the passenger seated directly aft of the CRS[6].  
Gibson, Thai and Lumley recommended in their 2006 report[3] that the effectiveness of a top 
tether arrangement as described above be investigated for cases where seat-back break-over is 
prevented from occurring. Bathie[6] suggested that “limited benefit” may be provided by 
increased seat-back break-over stiffness in this arrangement.  
2.4.4 Novel CRS installation methods 
In their 2006 report, Gibson, Thai and Lumley[3] recommended an investigation into the use 
in aviation of CRS installed by two novel methods: ISOFIX and LATCH. Rather than making 
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use of the vehicle seatbelt, these CRS connect directly to hard points in the vehicle structure 
at the location where the seat back meets the seat base.  
 
Figure 2-4:The rigid links of the ISOFIX system[2]. 
The European ISOFIX standard specifies that this connection is made using rigid links (see 
Figure 2-4 above), while the North American LATCH standard specifies the use of webbing 
straps (see Figure 2-5 below). 
 
Figure 2-5: CRS installed in an aircraft seat using the LATCH method[2]. 
In a 2007 report[10], Olivares and Amesar detailed the results of dynamic testing of CRS 
installed in transport category business jet seats using ISOFIX and LATCH. That study found 
that both of these attachment methods provide the CRS occupant with an appropriate level of 
safety while overcoming the issue of excessive CRS motion associated with installation using 
the aircraft seat lap belt. The authors concluded that further research was required on several 
aspects regarding ISOFIX and LATCH CRS, including: 
• the effect of seat-back break-over on CRS performance, 
• interaction with the occupant of a seat directly aft of the CRS, and  
• CRS anchor loads. 
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An extended investigation by Bathie at CASA included CRS installed in aircraft seats using the 
ISOFIX[2, 6] and LATCH[2] methods as well as the aircraft lap belt[2, 6]. All three CRS 
installation methods were found to afford the child CRS occupant a good level of protection 
and the ISOFIX and LATCH methods were found to mitigate the problem of CRS motion 
associated with installation using the aircraft seat lap belt[2]. The investigation resulted in the 
recommendation of further research into the following aspects of CRS use in aircraft[2]: 
• the potential for neck injury to an adult seated behind a CRS, 
• the potential for tibia injury to an adult seated behind a seat which has been modified 
to accept ISOFIX and LATCH CRS, and 
• the effects of seat pitch, CRS installation stiffness, occupant size, and seat structural 
variations on CRS performance and injury to both the CRS occupant and an adult 
passenger seated directly aft of the CRS. 
2.5 Air transport accidents involving infants 
2.5.1 Risk and survivability 
“There are two ways to prevent fatalities in air travel: by preventing accidents, and by 
protecting aircraft occupants in the accidents that do occur.” 
- US National Transportation Safety Board[33] 
The rate of fatal accidents in commercial air transport is low. In the period 2001 – 2009 
inclusive, Australian-registered aircraft operating airline services made 3.6 million flights 
totalling 8.4 million hours with no fatal accidents[34] (where ‘fatal accident’ refers to events 
not caused by an illegal act and where there was at least one fatality). In the same period, 
airlines in the United States made 94 million flights totalling 161 million hours with 11 fatal 
accidents[35]. Airline travel carries a low level of risk for both adult and infant passengers in 
the sense that the risk of being involved in a fatal accident is low.  
The US National Safety Transportation Board studied the survivability of accidents involving 
US air carriers in the period 1983 – 2000[33]. Nineteen accidents were classified as serious but 
survivable; these were accidents involving fire or at least one serious injury or fatality and 
where the aircraft was either destroyed or substantially damaged. Of the 1 988 occupants 
involved in these accidents, 1 523 (76.6 per cent) survived, 306 (15.4 per cent) died from 
impact injuries, 131 (6.6 per cent) died as a result of fire, and 28 (1.4 per cent) died from other 
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causes. The high proportion of survivors suggests that when severe but survivable accidents 
occur, occupants are offered some level of protection. This is likely due to safety 
considerations in the design of the aircraft structure, seating and restraint systems[33]. 
While the risk of being involved in a fatal aircraft accident may be equally low for an infant 
and an adult passenger, a disparity in injury risk arises when a fatal accident does occur. A 
1981 study[36] of aircraft accidents in the period 1976 – 1979 sought to determine the risk of 
fatal injury for an unrestrained lap-held infant relative to that of a restrained adult. Five 
accidents were included in the study; three in the United States and one each in Finland and 
New Zealand. The criteria for an accident to be included were that there was at least one 
survivor, at least one fatality, at least one unrestrained lap-held infant and the major cause of 
injury was impact rather than post-crash fire. It was found that in these five accidents an 
unrestrained lap-held infant was, on average, 9.6 times more likely to be fatally injured than a 
restrained adult[36]. 
2.5.2 Accident synopses 
The last three decades’ worth of air transport accident investigation reports from Australia, 
the United States, Canada and the United Kingdom were searched for cases involving infant 
passengers in severe but survivable emergency landings. Cases were determined to be of 
interest if there was at least one fatality, at least one survivor and at least one infant passenger 
whose restraint condition is detailed. A synopsis of each of those cases is presented below 
including, where possible, details of injuries to the infant passengers. 
2.5.2.1 Continental Airlines flight 1713 
Continental Airlines flight 1713 crashed in Denver, Colorado on November 15, 1987[37]. 
Twenty-five of the 77 passengers on board were killed. A six-month-old male infant seated on 
his mother’s lap in the front row of the main cabin suffered fatal blunt trauma injuries; his 
mother survived with serious injuries. Of the five non-infant passengers seated in this row, 
three were fatally injured. A six-week-old female infant seated on her father’s lap in the 
rearmost row of the main cabin was uninjured; her father suffered minor injuries. Each of the 
five non-infant passengers seated in this row received minor injuries.  
2.5.2.2 British Midland flight 92 
British Midland flight 92 crashed at Kegworth, England on January 8, 1989[38]. Forty-seven 
of the 118 passengers aboard were killed. There was one lap-held infant aboard, restrained by 
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a supplementary loop belt on its mother’s lap. The infant survived with ‘major head and limb 
injuries’; the mother died later in hospital from injuries sustained in the crash.  
2.5.2.3 United Airlines flight 232 
United Airlines flight 232 crashed in Sioux City, Iowa on July 19, 1989[39]. One hundred and 
ten of the 285 passengers on board were killed. Five lap-held infants were on board. At the 
direction of flight attendants, each infant was placed on the floor prior to impact and held 
there by the accompanying adult passenger. Four infants survived; one infant was thrown into 
a separate part of the aircraft cabin and died from smoke inhalation. 
2.5.2.4 Avianca flight 52 
Avianca flight 52 crashed at Cove Neck, New York on January 25, 1990[22]. Sixty-five of the 
149 passengers aboard were killed. Eleven passengers were aged between four and 27 months 
and were classified as infants for the purposes of seating. These infants were lap-held; some 
were unrestrained while others were “belted into the same seat with the [adult] 
passengers”[22]. This may be taken to mean that the aircraft seat lap belt was fastened around 
both the adult and the infant. One infant, a four-month-old, received fatal blunt trauma 
injuries; eight sustained serious injuries such as limb fractures and head injuries while the 
remaining two sustained minor injuries such as contusions and abrasions. The investigation 
into the accident found that “[s]urviving passengers who held infants reported that during the 
impact the infants were ejected from their grasp and that they were generally unable to locate 
them in the darkness after the impact”. Investigators were unable to ascertain where in the 
aircraft specific passengers were seated. 
2.5.2.5 USAir flight 1016 
USAir flight 1016 crashed in Charlotte, North Carolina on July 2, 1994[23]. Thirty-seven of 
the 52 passengers on board were killed. Two lap-held infants were aboard; at the time of 
impact, one infant was laid across unoccupied seats while the other was held on her mother’s 
lap. The latter, a nine-month-old girl, was fatally injured. Her mother stated that she was 
“unable to maintain a secure hold on her child during the impact sequence”[23]. 
2.5.2.6 American Airlines flight 1420 
American Airlines flight 1420 crashed in Little Rock, Arkansas on June 1, 1999[40]. Ten of the 
139 passengers on board were killed. The mother of a 25-month-old child who sustained only 
minor injuries while restrained in a CRS stated to accident investigators that it would have 
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been “impossible” for her to have maintained a hold on her child had she been seated on her 
lap. 
2.5.3 Summary 
The rate of accidents in air transport is low, precluding a strong empirical analysis of the 
safety of various restraint conditions for infant passengers. A 1981 study of five air accidents 
in the 1970’s found that an unrestrained lap-held infant is 9.6 times more likely to be fatally 
injured than a restrained adult[36].  
The present study identified six accidents in the last three decades where a total of 22 infant 
passengers were involved in severe but survivable air transport accidents. Information 
regarding the nature and severity of injury to the infant passengers was generally sparse. 
In only one case was an infant restrained in a CRS: the infant and its mother, who was 
presumably seated next to it, both survived. The 21 remaining infants were lap-held. 
Seventeen survived along with the accompanying adult: during impact these infants were 
located either on the lap of the adult (12), on the floor (4) or lying across an unoccupied seat 
(1). These cases, where adult and infant both survived, are not particularly instructive because 
the part of the aircraft where the occupants were seated may not have undergone severe 
acceleration or deformation.  
Four infants were fatally injured in four separate incidents; three were located on the lap of an 
adult during impact, while one was located on the floor. In each of these four incidents the 
accompanying adult survived the crash. This is evidence that lap-held infants are at risk of 
fatal injury in situations that are survivable by an adult. 
In one case a lap-held infant survived in a part of the aircraft known to have undergone 
potentially fatal acceleration or deformation. In that case, the Kegworth incident, the 
accompanying adult was fatally injured while the lap-held infant survived with “major head 
and limb injuries”[38]. Of the five other occupants in the immediate area, three were fatally 
injured. The accompanying adult, the infant’s mother, received major injuries that were 
attributable to “forcible flexion” over the infant during impact. This is the only case found 
that may be interpreted to suggest that a lap-held infant has equal or greater survivability than 
an adult. 
 17 
From this limited historical data it is difficult to distinguish the degree to which the various 
restraint scenarios influence injury outcomes for the infant, highlighting the need for 
quantitative analysis. 
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3 Occupant injury potential: measurement and quantification 
3.1 Introduction 
This study analyses the relative injury potential of a variety of seating configurations and, in 
some instances, quantifies the associated risk of injury. Numerical models of 
anthropomorphic test devices (ATDs) were used to calculate kinetic and kinematic quantities 
known as injury parameters. Established biomechanical relationships were used to quantify 
the risk of the occurrence and severity of injury to the adult head and infant abdomen. This 
chapter describes the methods used to quantify and compare occupant injury potential.  
3.2 Measuring injury potential 
A variety of injury parameters were measured and the results were used in three possible ways: 
1. In a comparative sense to study the relative effect of a particular seating configuration 
parameter. While this approach is widely applicable as it does not rely on an 
established relationship or standard, the comparison may be trivial: for example, all 
values being compared may relate to injury levels above or below the survivable limit. 
2. To determine whether the risk of injury is acceptable based on an injury parameter 
reference value specified in occupant protection standards. 
3. To predict the likelihood of a particular injury outcome. This approach was only 
possible where a direct relationship between the injury parameter and injury level was 
available in the literature. 
3.2.1 Occupant modelling 
3.2.1.1 Anthropomorphic test devices 
Anthropomorphic test devices are mechanical human surrogates are designed to closely mimic 
properties of the human body such as size, shape, mass, stiffness and joint articulation[41, 42]. 
As ATDs are designed for reuse, they do not undergo permanent deformation during 
experiments; therefore, a post-experiment inspection cannot be used to assess the occurrence 
of injury. Instead, transducers are installed in specific locations in the ATD so that physical 
quantities such as acceleration, force, moment and displacement may be measured.  
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3.2.1.2 ATD biofidelity 
The ‘biofidelity’ of an ATD or any other human surrogate describes the degree to which the 
biomechanical response of the surrogate matches that of a live human[42]. The use of ATDs 
in assessing compliance with vehicle occupant safety standards dictates that the criteria of 
reusability and repeatability outweigh the requirement for biofidelity[42].  
The issue of ATD biofidelity is widely relevant[42-46]; however, its relevance to the present 
study particularly concerns the spine of the Hybrid III ATD and the heads of the adult and 
infant ATDs. The rigid nature of the Hybrid III thoracic spine leads to an under-
representation of forward flexion[42]; it is likely that this aspect of the ATD’s biomechanical 
response had a direct influence on the results of the lap-held infant study detailed in chapter 
six.  
Loyd[47] conducted quasistatic and dynamic tests to compare the stiffness and dynamic 
response of PMHS heads with ATD heads. It was found that the stiffness and dynamic 
response of the Hybrid III 50th percentile male ATD head is similar to that of an adult human. 
Also tested were ATDs representing infant and child age groups; these did not match well 
with the small sample of PMHS heads tested. The series of infant and child ATD tested by 
Loyd (Q series) was not the one implemented in the CASA study and subsequently the 
present study (P series); however, lacking data to the contrary, the study treated the infant and 
child ATD head impact response as non-biofidelic.  
3.2.2 Injury criteria 
Injury potential was evaluated and compared using two ‘injury criteria’ specified in transport 
safety regulations. An injury criterion is “a mathematical relationship, based on empirical 
observation, which formally describes a relationship between some measurable physical 
parameter interacting with a test subject and the occurrence of injury that directly results from 
that interaction”[48]. Injury criteria are useful in quantifying injury potential in situations 
where the risk of injury is a function of multiple variables, e.g. acceleration and time[49]. 
3.2.2.1 The head injury criterion 
The head injury criterion (HIC) is widely used to evaluate head injury [3, 6, 49-58]. Proposed 
by Versace[49] in 1971 and later modified by the US National Highway Traffic Safety 
Administration, HIC essentially provides a means of evaluating a complex acceleration-time 
signal using the Wayne State Tolerance Curve (WSTC). The WSTC provides a relationship 
between peak head acceleration, pulse duration and the presence of skull fracture and/or 
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concussion in adults[59]. In its final form the WSTC represents data gathered encompassing a 
variety of acceleration pulse shapes, cadavers, animal surrogates, human volunteers, clinical 
research and injury mechanisms[59]. 
The head injury criterion is defined as[49, 53]: 
 
 
𝐻𝐼𝐶 = �(𝑡2 − 𝑡1)� 1𝑡2 − 𝑡1 � 𝑎(𝑡)𝑑𝑡𝑡2𝑡1 �2.5�𝑚𝑎𝑥 ( 3-1 ) 
 where t1 and t2  define an arbitrary time window measured in seconds and a(t) is the 
time history of ATD net linear head acceleration measured at the centre of gravity and 
expressed in multiples of g. Some occupant protection standards place an upper limit on the 
time window over which HIC is measured; e.g. HIC15 is evaluated over a maximum window 
of 15 ms[56]. 
As HIC is calculated entirely from the net linear acceleration of the head, it does not account 
for the effects of any applied forces that do not result in such an effect. The principal criticism 
of HIC is its inability to capture the potentially injurious effects of rotational acceleration[60]; 
however, in adults the incidence of skull fracture and the incidence and severity of brain injury 
have been shown to be related to the linear acceleration of the head[54, 55, 60, 61]. A study by 
Loyd[47], which included a small number of infant cadavers, found that neither linear 
acceleration nor HIC is a good predictor of skull fracture in infants.  
3.2.2.2 The neck injury criterion 
The neck injury criterion, Nij, is widely used to evaluate neck injury potential[6, 50, 56, 59, 62-
64]. This criterion considers the combined effects of fore-aft bending moment (flexion and 
extension) and axial force (tension and compression)[65] normalised against critical values 
which are uniquely specified for various ATDs[52] (see section 3.4.2).  
The neck injury criterion is defined as: 
𝑁𝑖𝑗 = 𝐹𝑧𝐹𝑧𝑐 + 𝑀𝑦𝑀𝑦𝑐 
where Fz and Fzc are the measured and critical upper neck axial forces, respectively, 
and My and Myc are the measured and critical upper neck fore-aft bending moments, 
respectively, at each instant in time during the experiment. The critical value of Nij is 1.0[56]. 
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 3.2.3 Injury risk curves 
The present study used logistic regression curves available in the literature which describe the 
relationship between injury parameters and the probability of the occurrence of a particular 
injury. These injury risk curves were developed through a program of physical tests and post-
test inspections of post-mortem human subjects[54, 55, 61] or animal surrogates[66]. This 
method of analysing injury potential is applicable to studies such as this where ATDs are used 
to measure injury parameters[52, 64, 67]. 
Some of the biomechanical studies referred to below make use of the abbreviated injury scale 
(AIS)[68] as a means of classifying the extent of trauma. The AIS uses a six-point ordinal scale 
to classify specific injuries to individual parts of the body: 
1. Minor 
2. Moderate 
3. Serious 
4. Severe 
5. Critical 
6. Maximal (currently untreatable) 
The AIS has been widely used to relate injury parameters measured using human surrogates to 
the risk of a particular injury outcome[54, 55, 60, 61, 66, 69]. In situations where the most-
severe of a spectrum of potential injuries is of interest, the maximum AIS (MAIS) 
classification is used. 
3.3 Biomechanical relationships 
3.3.1 Infant injury potential 
The literature is replete with investigations into the biomechanical tolerance of adults; 
however, the body of such information regarding infants is small[70]. One consequence of 
this is that the biomechanical tolerance data needed to form a relationship between an injury 
parameter observation and the risk of a particular injury generally does not exist for the 
infant[70, 71]. The evaluation of infant injury potential must instead rely on either critical 
injury parameter values scaled from adult values or anatomical finite element modelling – a 
method that remains at the forefront of research in infant injury biomechanics[71]. 
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3.3.2 Head injury 
The potential for injury to the infant head was paid particular attention as it has previously 
been identified that the head of the lap-held infant may be compressed between the adult 
head and the forward seat-back during the impact sequence[2].  
The skull is responsible for protecting the brain from trauma[58, 72, 73]. Compared to the 
adult, the developing skull of the infant is compliant[21] due to reduced material stiffness[74] 
and structural immaturity[73]; the stiffness of the newborn’s skull is approximately 4% of the 
adult’s, increasing to 75% at six to eight years[75]. This results in the potential for substantial 
deformation under external load[72] and the consequence of brain deformation[74] and 
associated injury[76]. 
3.3.3 Abdominal injury 
An effort was made to quantify abdominal injury risk for the lap-held infant in spite of a lack 
of biomechanical data specific to the ages of infants considered by this study. This 
necessitated the generalisation that a loading condition giving rise to a particular injury risk in 
a subject of a certain age will result in an equal or greater risk of the same injury in a younger 
subject. This generalisation was predicated on the facts that the growth and development of 
the human body is a continuous process from birth to old age[21] and that the tissues 
comprising the body are strongest at approximately twenty years of age[21].  
The so-called ‘seat belt syndrome’ is an injury mechanism observed in motor vehicle accident 
victims restrained by a lap belt. It occurs when the lap belt is positioned over the abdomen 
and the restraining force is applied to the body through the abdomen rather than the bony 
pelvis, resulting in blunt trauma[48]. The belt may “intrude into the soft abdomen and rupture 
or lacerate internal organs”[77], or, in severe cases, cause a fracture of the lumbar vertebrae as 
the spine flexes about the belt[77]. This injury mechanism is particularly relevant in the case of 
the lap-held infant due to the positioning of the supplementary loop belt over the 
abdomen[7]. 
Kent et al.[66] studied the risk of abdominal injury in children due to loading by a lap belt. 
Using juvenile swine as a surrogate for the six-year-old child, the study found peak belt 
tension to be a strong discriminator for the level of abdominal injury sustained. Forty-six 
subjects were dynamically loaded by a 50 mm wide belt oriented laterally across the abdomen. 
Thorough internal post-mortem examinations were conducted and injuries were assigned AIS 
values. The maximum AIS (MAIS) score sustained by each of the forty-six subjects ranged 
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from zero (not injured) to four (severe). Injury risk curves were developed for a variety of 
mechanical loading parameters including peak belt tension (𝐹𝑏).  
3.4 Particular injury parameters and reference values 
This section identifies and describes the injury parameters used and the values obtained from 
occupant protection standards and literature used to evaluate them. Occupant protection 
standards specify limits on injury parameter or injury criterion values as measured by a 
particular ATD type under a prescribed loading condition. The FAA specifies occupant 
protection standards for transport category aircraft under emergency landing dynamic 
conditions in Federal Aviation Regulation (FAR) 25.562[53]. The only occupant size 
considered by this standard is a 50th percentile adult male for which head acceleration (HIC) 
and femur compression limits are specified. Femur compression was not evaluated as this 
parameter did not reach a high level of agreement with physical test results during the model 
validation process (see chapter 5). 
Occupant protection standards for motor vehicles fitted with airbags are specified in US 
Federal Motor Vehicle Safety Standard (FMVSS) 208[56]. Occupant protection standards for 
child restraint devices for use in motor vehicles and aircraft are specified in FMVSS 213[57]. 
These standards consider a range of occupant sizes. 
The end use of model results for these varies according to the outcome of the model 
validation process described in section 5.8. 
3.4.1 Head injury 
In FAR 25.562 a maximum allowable HIC value of 1000 is specified for a 50th percentile adult 
male ATD; this is the only occupant size for which HIC is evaluated under this standard. No 
upper limit is placed on the time window; however, HIC is only evaluated during contact 
between the head and cabin structure. 
In FMVSS 213 a maximum allowable HIC36 value of 1000 is specified for a variety of child 
ATDs representing ages from newborn to six years. The criterion is evaluated over the entire 
test period, not only during head contact.  
In FMVSS 208 different HIC15 values are specified for a range of occupant sizes from the 
twelve-month-old to the 50th percentile adult male. For the latter a HIC36 limit of 1000 is also 
specified. Again, a(t) is defined over the entire test period, not only during head contact. 
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The HIC15 limits specified in FMVSS 208 for a range of occupant sizes are presented in Table 
3-1 below. The values specified for the infant and child occupants were arrived at through the 
application of a variety of scaling techniques. These techniques took into account cranial bone 
stiffness, brain bulk modulus, head size and, in the case of the 12-month-old, cranial suture 
stiffness[52]. 
Table 3-1: Head injury criterion (HIC15) limits defined by FMVSS 208. 
Occupant size HIC Value 
50th percentile adult male 700 
5th percentile adult female 700 
6-year-old child 700 
3-year-old infant 570 
12-month-old infant 390 
 
Prasad and Mertz[78] studied adult cadaver data of forehead impacts to develop logistic 
regression curves relating HIC15 score to the risk of skull fracture and brain injury of AIS 
classification ‘severe’ or greater[79]. This level of brain injury is described by Mertz and 
Irwin[54] as ‘life-threatening’. These relationships, presented in Figure 3-1 and Figure 3-2 
below, were used to quantify head injury potential arising from forehead impact for the adult. 
This method of quantifying head injury potential is particularly instructive as it accounts for 
the nonlinear relationship between HIC score and injury potential.  
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 Figure 3-1: Head injury risk curve relating HIC15 score to the probablity of life-threatening 
brain injury (AIS ≥ 4) in adults[79]. 
 
Figure 3-2: Head injury risk curve relating HIC15 score to the probablity of skull fracture in 
adults[79]. 
 26 
In the analysis phase, HIC15 values were calculated to enable comparison of results with 
FMVSS 208 limits and the evaluation of head injury risk according to the curves presented 
above.  
3.4.2 Neck injury  
The FMVSS 208 occupant safety standard specifies critical neck loads for a range of ATD 
sizes, presented in Table 3-2 below. Critical axial loads are defined as well as fore-aft bending 
moments for both the flexion (chin down) and extension (chin up) cases. Four combinations 
must therefore be considered in order to find the critical Nij case: tension-flexion, tension-
extension, compression-flexion and compression-extension. The critical value of Nij is 1.0 by 
definition[56]. 
The critical loads specified in FMVSS 208 and presented below for the 50th percentile adult 
male and three-year-old child were arrived at through physical experiment[52]. This data was 
scaled based on neck circumference and tendon failure strength to produce values for the 
other occupant sizes[52]. 
Table 3-2: Neck injury criteria critical values and peak neck axial loads specified in FMVSS 
208[56]. 
Occupant size 
Tension 
(N) 
Compression 
(N) 
Flexion 
(Nm) 
Extension 
(Nm) 
50th percentile adult male 6806 6160 310 135 
5th percentile adult female 4287 3880 155 67 
6-year-old child 2800 2800 93 37 
3-year-old infant 2120 2120 68 27 
12-month-old infant 1460 1460 43 17 
 
While the neck injury criterion was evaluated by the present study, it was used in a 
comparative sense only; the validation process revealed an inconsistent level of agreement 
between the model prediction of relevant neck injury parameters and corresponding physical 
test results.  
3.4.3 Thoracic injury 
The potential for inertial and contact-based thoracic injury was considered in the lap-held 
infant using thoracic acceleration and contact force as proxies for injury potential. Thoracic 
acceleration has been implicated as a possible factor in potentially fatal injuries such as 
traumatic aortic rupture[80]. While thoracic acceleration limits are specified in vehicle and 
CRS occupant protection standards[56, 57], the present study considered values in a 
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comparative sense only as the validation process identified that numerical model prediction of 
thoracic acceleration is in poor agreement with physical test results. 
3.4.4 Abdominal injury 
The potential for abdominal injury was considered in the lap-held infant. Two parameters 
were measured: the applied abdominal contact force and the tension in the supplementary 
loop belt, where present. The former was not included in the model validation process and 
was therefore evaluated in a comparative sense only. Supplementary loop belt tension 
exhibited a high level of agreement with physical test results; this parameter was therefore 
suitable for use in quantifying the risk of abdominal injury in restrained lap-held infants 
according to the injury risk curve developed by Kent et al.[66].  
Figure 3-3 below describes the probability of MAIS 3 (serious) or greater injury as a function 
of peak belt tension. Fine lines represent the 95% confidence interval; circles represent 
experimental data points. 
 
Figure 3-3 : Risk function for abdominal injury MAIS ≥ 3 using juvenile swine as a surrogtate 
for a six-year-old child. [66] 
Abdominal injuries at the AIS 3 level observed during post-mortem analyses by Kent et al.[66] 
included perforation and laceration of the small bowel as well as large bowel injuries resulting 
in gross faecal contamination of the peritoneal cavity and significant blood loss into the same 
site. Rib fractures at the AIS 3 level were found in five of 46 subjects. 
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4 Aircraft cabin safety model: design and development 
4.1 Introduction 
A numerical model of a typical air transport seating arrangement was developed for use as an 
experimental platform. Numerical modelling has been widely used in biomechanical 
studies[71]. This method was chosen over physical experiments for its ability to predict 
important parameters such as contact force[15]. In addition, numerical analysis is well suited 
to sensitivity studies permitting relatively low cost per experiment[71]. The numerical model 
was validated using sensor signal data and high speed video footage from physical 
experiments carried out by CASA[2].  
To ensure that the model would accurately represent contact and structural deformation, 
video footage was used to determine where contact occurs between the aircraft seats, ATDs 
and CRS and also where non-permanent deformation occurs in the aircraft seats and CRS. 
The post-experiment aircraft seats and CRS were examined to identify areas of significant 
permanent deformation.  
A reverse engineering process was carried out on undeformed aircraft seats and CRS to collect 
joint characteristics and geometry and material data for input to the model. More complex 
components such as the seat base cushion and the seat-back frame were scanned using a 
three-dimensional stereo optical scanner. Specific materials and components which were 
identified as having a significant effect on the dynamic response of the aircraft seat and its 
occupants, such as the foam cushion material and the tray table, were subjected to mechanical 
testing.  
Material and component behaviour were verified and validated through the replication of 
corresponding physical experiments using the numerical model. The geometry, material and 
component data were then combined in the model assembly process to arrive at a baseline 
aircraft cabin model.  
4.2 Analysis of physical tests 
All information on the physical experiments was provided by CASA in the form of raw sensor 
data, high speed video footage and technical reports[2, 6]. Aspects of the CASA physical 
experiments that are relevant to this study are described below. 
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4.2.1 Seat and occupant configuration 
The seat configuration implemented by CASA was similar to that found in a typical airline 
economy class seating configuration. Two rows of seats at 30 inch pitch were installed on a 
deceleration sled in a two-abreast arrangement as in Figure 4-1 below. 
 
Figure 4-1: Example of physical experiment configuration. Two adult ATDs were seated 
directly aft of two CRS occupied by infant ATDs[2]. 
Seats were empty, occupied by an ATD or occupied by both a CRS and an ATD. The 
majority of experiments employed one of two occupant arrangements: 
1. A CRS with an infant ATD occupant was installed in seat directly aft of an empty seat. 
2. A CRS with an infant ATD occupant was installed in a forward seat with an adult 
ATD occupying the seat directly aft. 
Different arrangements were employed in a limited number of tests: 
3. An infant ATD was seated on the lap of an adult ATD and restrained by a 
supplementary loop belt. 
4. An infant was seated in its own seat and restrained by the aircraft seat lap belt only. 
5. An adult occupant was seated directly aft of an unoccupied seat. 
In accordance with FAR 25.562, adult occupants were placed in a normal upright sitting 
position. Numerical modelling was not a consideration at the time that the physical tests were 
being carried out; as a result, some important parameters such as ATD initial position, CRS 
initial position and initial lap belt tension were not measured. 
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4.2.2 Load case 
FAR 25.562 specifies longitudinal and vertical load cases for the dynamic testing of aircraft 
seats and restraint systems. The longitudinal load case includes the requirement for a 
minimum peak floor deceleration of 16 g to be achieved no more than 90 ms after impact and 
a minimum forward velocity change of at least 44 ft∙s-1 (13.4 m∙s-1). The same load case is 
referred to by FAA Technical Standard Order (TSO) C100b, which defines minimum 
performance standards for CRS approved for use on aircraft in the United States. 
Limitations of the deceleration sled system used in the CASA test program prevented the 
application of the ideal pulse specified in FAR 25.562 (see Figure 4-2 below). The load case 
applied in the CASA tests typically resulted in a forward velocity change of approximately 14.5 
m∙s-1 with a 21 g peak floor deceleration 50 ms after impact.  
 
Figure 4-2: Comparison of typical sled deceleration pulse from physical testing and minimum 
allowable pulse under FAR 25.562. 
4.2.3 Aircraft seat design 
The seats used in physical testing were typical economy class airline seats which had been 
removed from service, model BA3.4-2-41. They were labelled as meeting the standards of 
FAA Technical Standard Order C39b[81], Type I, which does not include dynamic 
performance or occupant protection criteria. The seat base cushions were a non-flotation type 
comprising of a laminate of three different polyurethane foams. The seat design incorporated 
a break-over feature (see section 2.4.2) comprising an energy-absorbing device (see Figure 4-9) 
located on the hinge of one side of each seat position; the other hinge was unconstrained.  
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Lower anchorage points compatible with the ISOFIX and LATCH CRS installation methods 
were added to the aircraft seats for the purpose of the CASA study. The anchorages were 
small loops of 6 mm round steel bar welded to a length of 20 mm diameter, 2 mm thick 
circular steel tube. This tube spanned the width of both seat places and was fastened to the aft 
edge of each of the three spreaders at a height of 395 mm above the floor. 
 
Figure 4-3: Lower anchorage points added to the aircraft seats as part of the CASA study[2]. 
4.2.4 Child restraint systems 
The CASA study considered forward- and aft-facing CRS models as well as three different 
CRS installation methods: the lap belt, ISOFIX and LATCH (see Figure 4-4 below). 
However, this study considered only the forward-facing orientation as high-speed footage of 
the physical tests revealed that forward-facing restraints affect the dynamic behaviour of the 
aircraft seat to a greater extent than aft-facing models.  
Of the forward-facing models tested, one CRS was able to be attached to the aircraft seat by 
each of the three installation methods of interest. The Britax Duo Plus is fitted with ISOFIX 
rigid linkages and also has a traditional belt path that provides for installation using the aircraft 
seat lap belt or a separate LATCH webbing strap. For this reason the Britax Duo Plus was 
chosen as the only CRS model to be considered by this study. This CRS has a mass of 
approximately 8.5 kg and an allowable occupant mass range of nine to 18 kg.  
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 Figure 4-4: L-R: Britax Duo Plus CRS, ISOFIX links, CRS installed using LATCH strap[2]. 
4.2.5 Anthropomorphic test devices 
The adult ATDs used by the CASA study were Hybrid III models representing the 5th 
percentile female, 50th percentile male and 95th percentile male. The infant ATDs used were 
the TNO P3 (three-year-old), P1.5 (eighteen-month-old), and P¾ (nine-month-old). The 
TNO P¾ ATD was not instrumented. The ATD joints were calibrated by technicians at the 
test facility according to manufacturer specifications prior to use. 
4.3 Model development 
The numerical model development process was carried out in the following stages: 
1. Geometry measurement and meshing. 
2. Material and component mechanical testing. 
3. Component connectivity and contact interaction definition. 
4. Verification of model behaviour and validation of model output. 
Two modelling methods are applicable to the type of model required by this project: the 
multibody method and the finite element method. The principal difference between these 
methods is in their representation of geometry, with different treatments of mass distribution, 
contact interaction, component connectivity and deformation as a consequence.  
In general, a multibody model is less computationally-intensive than a finite element model. In 
a multibody model the geometry of a structure is represented by discrete ellipsoidal, cylindrical 
and planar surfaces[42]. These surfaces are attached to rigid bodies to which the mass and 
inertial properties of the part are assigned. The degrees of freedom of the rigid bodies relative 
to each other and to the environment (the ‘reference space’) are defined analytically, thus 
creating joints between parts. Multibody surfaces are non-deformable; contact interaction 
behaviour between multibody parts is modelled using a known force- or stress-based 
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characteristic. For these reasons multibody models are not well suited to representing complex 
geometries and are unsuitable for use in situations involving large-scale deformation.  
The finite element method is able to represent infinite variations in the geometry of a 
structure, defined at finite points called nodes[42]. Nodes are connected to one another to 
form elements; multiple connected elements form a part. By assigning a material property to 
an element, the nodes are given mass and the stiffness and damping relationship between the 
nodes is defined. Joints may be modelled by defining relative motion between nodes with an 
equation or by defining contact interaction characteristics between elements. 
4.3.1 Solver selection 
The MADYMO[82] software package was selected for its emphasis on vehicle occupant 
safety analysis and its integrated library of numerical ATDs. The MADYMO solver is a 
combined finite element and multibody solver, enabling the user to maximise computational 
efficiency by using the multibody method to represent parts of the model where appropriate. 
This solver has been employed previously by similar studies[51, 62, 63, 83-90] and is approved 
by the FAA for aircraft seat dynamic certification[91]. 
4.3.2 Method 
The model was designed to be as simple and modular as possible while maintaining fidelity in 
critical areas to enable reconfiguration of the model and maximise computational efficiency. 
Aircraft seat and CRS geometry and material properties were measured in a process of 
‘reverse engineering’. Measurements of complex geometries were made using an articulated-
arm coordinate measurement machine and three-dimensional optical scanning system (see 
Figure 4-5 below). Material properties were either gathered from literature or measured by 
physical testing. 
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Figure 4-5: Left: Seat-back frame prepared for geometry scanning. Right: Finite element 
model of seat-back frame. 
4.3.2.1 Mesh convergence 
During testing of an initial model assembly, the aircraft seat base cushion and tray table were 
found to undergo significant deformation and also greatly influence the head acceleration 
signal of an adult ATD. These two components were subjected to a convergence test to avoid 
a mesh that was unnecessarily fine, and therefore computationally intensive, while ensuring 
that the mesh size was not influencing model output. For both components a simple physical 
test was conducted and replicated in MADYMO; this replica simulation was run multiple 
times with increasingly finer mesh while checking the output parameter for convergence. The 
cushion was tested in quasi-static compression and the force-displacement curve was analysed 
(see section 4.3.2.2 below for details). The tray table was subjected to a drop test (see Figure 
4-6 below) with the acceleration of the impactor as the output parameter.  
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 Figure 4-6: Tray table physical drop-test (left) and replication in MADYMO (right) for mesh 
convergence. 
A suitable balance between accuracy of output and computational requirements was found 
with element lengths of 14 mm and 15mm in the tray table and seat base cushion, 
respectively. 
4.3.2.2 Foam materials 
The material characteristics of the aircraft seat cushion foams were determined by mechanical 
testing. Specimens provided by the cushion manufacturer were tested at three quasi-static 
loading rates using a method derived from ASTM D3574[92]. Square foam samples of side 
length 380 mm and varying thickness were compressed on a solid surface by a solid round 
anvil of 200 mm diameter. 
  
Figure 4-7: Left: Physical test of foam material. Right: Test replicated in MADYMO. 
Testing revealed that all three foam materials used in the seat design exhibited rate-dependent 
behaviour; however, the maximum tested loading rate of 500 mm∙min-1 was estimated to be 
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significantly below that experienced by the material in sled testing. An assessment of similar 
materials in quasi-static and dynamic loading by Bhonge[93] provided the basis for a rate-
dependent stress scaling characteristic which was then applied in the model (see Appendix A).  
 
Figure 4-8: Comparison of foam material model behaviour in loading, physical material test 
and MADYMO simulation. LRGR45 foam specimen, 100 mm thickness, 500 mm∙min-1 
loading rate. 
The physical material test was replicated in MADYMO for verification and validation (see 
Figure 4-8 above). Properties were defined using the MADYMO MATERIAL.FOAM 
characteristic. In the foam materials a 15 mm element length resulted in a favourable 
combination of both computation time required and degree of match with physical test data. 
Properties of the three foam materials are presented Appendix A. 
4.3.2.3 Joints 
Joints were modelled by rigidly attaching the nodes of each side of a joint to a rigid body; a 
numerical joint was then defined between the corresponding rigid bodies. This method was 
chosen to avoid computationally-intensive contact evaluations while enabling precise control 
over joint behaviour. A particular example of this approach is the modelling of the energy-
absorbing device fitted to one seat-back hinge of each seat position. This device comprises 
two steel plates which plastically deform as the seat-back rotates forward. A basic test rig 
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(Figure 4-9) was manufactured to enable the resistance torque caused by the buckling plates to 
be measured as a function of seat-back angular displacement. 
 
Figure 4-9: Seat-back energy absorber test apparatus, post-test. 
The resulting characteristic curve (Figure 4-10) was used to define a restraint on the motion of 
the left seat-back hinge. Hysteresis was applied to account for energy dissipation due to plastic 
deformation. 
  
Figure 4-10: Seat-back energy absorber loading characteristic. 
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4.3.2.4 Contact 
Contact between several surfaces was defined in MADYMO. The method used depended on 
the contacting surfaces were defined by finite elements or multibody objects. For contact 
between two multibody surfaces (e.g. ATDs), CONTACT.MB_MB was used. Where one of 
the surfaces was a part of the Hybrid III 50th percentile male ATD, that surface was used as 
the master. For contact between a multibody surface and an FE surface, CONTACT.MB_FE 
was used. Here, the multibody surface was always defined as the master. Contact between two 
FE surfaces was modelled using CONTACT.FE_FE and the adaptive node-to-surface 
method. 
Contact involving a multibody surface is modelled using the ‘penalty’ method, whereby 
surfaces may penetrate one another to a degree commensurate with the contact force being 
generated. This effect takes into account, to some extent, the non-deformability of multibody 
objects. It can be seen in Figure 4-14 below where the CRS harness passes slightly below the 
infant ATD’s upper torso and shoulder surfaces. 
4.3.2.5 Belts 
Webbing belts may be modelled in MADYMO using the multibody or finite element 
methods. Using the multibody method one-dimensional belt segments with a defined force-
strain characteristic were used to connect the belt anchor points to the ATD or CRS. This 
avoided the requirement for computationally-intensive contact calculations associated with 
finite element belts. The aircraft seat lap belt was modelled using this method as the belt path 
through the CRS and across the pelvis of the ATD is simple and remained constant during 
physical tests. 
The finite element method was used to model the CRS five-point harness, supplementary 
loop belt and top tether. In these components belt geometry and interaction with the ATD 
are more complex than in the case of the lap belt.  
4.3.2.6 Aircraft seat 
To reduce model complexity and maximise computational efficiency, only the left-hand seat 
position of the two-abreast configuration was modelled. A symmetry condition was imposed 
at the centre spreader to maintain correct structural behaviour. The aircraft seat model is fully 
deformable with the exception of the arm rests. This component was found not to deform 
significantly during physical testing so were modelled as rigid parts to maximise computational 
efficiency. 
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 Figure 4-11: Two views of the aircraft seat model (seat base cushion and armrests removed for 
clarity). 
4.3.2.7 Child restraint system 
A review of the CASA footage and a post-test inspection of the Britax Duo Plus CRS (see 
section 4.2.4) revealed that it does not undergo significant deformation during the impact 
sequence. With the exception of its five-point harness, the CRS was modelled as a rigid part in 
order to minimise computation time and model complexity (see Figure 4-12 below).  
 
Figure 4-12: Two views of CRS model. 
The geometry of the CRS was defined by two surfaces comprising of three- and four-node 
shell elements. The thin foam padding that covers the CRS seating surface was assigned a 
force-based contact characteristic using the LRGR45 foam relationship presented in 
Appendix A.  
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Tray table frame 
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4.3.2.8 Anthropomorphic test devices 
The numerical ATDs used were multibody representations of the ATDs used in physical 
testing. In addition to geometrical features, numerical ATDs have pre-assigned contact 
characteristics and joint stiffness characteristics closely matching the physical ATD they 
represent. The numerical ATD models implemented by the present study were included with 
the MADYMO software package. Numerical ATD validation is described in section 5.9. 
4.3.3 Model assembly 
The model was assembled beginning with the sled, a multibody plane. As each new 
component was added a short simulation was run to verify joint behaviour. The resulting 
numerical model of a single aircraft seat position consisted of 37 discrete parts defined by 
15873 elements (see Table 4-1 below). The two armrests were defined by a total of six 
ellipsoid surfaces.  
Table 4-1: Number of elements per seat position. 
Element Type Description No. Elements 
BEAM2 Two-node beam 64 
HEXA8 Eight-node hexahedral 4 706 
QUAD4 Four-node quadrilateral 11 008 
TRIA3 Three-node triangular 95 
 
Where there were multiple options for a given element type, for example three- and six-node 
triangular elements, preference was given to the least computationally-intensive. Solid 
elements expected to be involved in contact were covered in a layer of thin shell elements to 
ensure correct contact behaviour; this was necessary in the cases of the seat cushions and the 
tray table. Parts were typically meshed with a characteristic element length of between five and 
ten millimetres. 
The solution time step of 5×10-7 seconds determined by MADYMO resulted in an acceptable 
solution time of approximately five hours; the mass scaling technique was deemed 
unnecessary. 
Once the general arrangement of the model components was complete, a pre-simulation was 
used to position the ATDs and CRS in the aircraft seats. This step was necessary to ensure an 
equilibrium condition in elements, joints and contacts. 
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 Figure 4-13: Hybrid III 50th percentile male numerical ATD positioned in aircraft seat. 
With an initial position slightly above the seating surface, the ATDs and CRS were released 
with an applied acceleration field of 1 g downwards. The simultaneous application of 0.1 g 
acceleration aft was found to result in a seating position similar to that observed in the CASA 
high-speed footage. 
 
Figure 4-14: TNO P3 three-year-old infant numerical ATD and CRS positioned in aircraft 
seat. 
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4.3.3.1 Aft passenger initial position 
Video footage of the physical tests indicated that there was generally little variation in adult 
ATD initial position between tests. However, a small variation in knee angle was noted in one 
case (see Figure 4-15). The effect of this was assessed using the model and was found to be 
significant: as the ATD slides forward on the seat, the tibias make contact with the forward 
seat structure. The tibias are thereby loaded in three-point bending between the aircraft floor, 
the forward seat and the knees which are moving forwards at the time of contact. As this 
loading effectively jammed the tibias between the forward seat and the floor, the upper leg 
and upper body then pivoted about the knee. A small variation in initial knee angle was found 
to change this pivoting behaviour and consequently the location of head impact.  
 
Figure 4-15: Variation in aft passenger initial knee angle. 
The aft passenger knee angle used in the model validation process resembled the 
corresponding physical test as closely as possible. For all analyses, however, the more-
common knee angle depicted in the upper image of Figure 4-15 was used. 
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4.3.3.2 CRS initial position 
Video footage of the physical tests revealed that for each of the three CRS installation 
methods tested the initial compression of the aircraft seat base cushion was slightly different 
(see Figure 4-16 below). While seemingly insignificant, these differences were found to 
noticeably affect the model’s prediction of CRS behaviour. These CRS initial positions were 
treated as a property of the associated installation method and so were maintained in the 
model. 
 
Figure 4-16: CRS initial postions relative to seat base cushion.. 
 
Lap Belt ISOFIX LATCH 
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5 Aircraft cabin safety model: verification, validation and 
implementation 
5.1 Introduction 
This chapter describes the process of verification and validation applied to the model through 
the replication of eight of the experiments carried out by the CASA study. Verification is the 
process of ensuring that the input variables (such as geometry and material properties) and 
model configuration parameters (such as joint and contact definitions) are being implemented 
correctly[94]. A continual cycle of verification was implemented during model development at 
the material, component and assembly levels. The MADYMO solver is an established 
numerical code that has already been subjected to a process of verification and validation by 
its developer. 
Validation is the process of comparing model output with physical test data in order to 
determine the degree to which the output from a numerical model represents reality[95]. The 
purpose of the validation process was to ensure that the end use of a particular model output 
parameter was appropriate to the level of agreement observed in that parameter.  
Model behaviour was verified through visual analysis of kinematics, energy balance plots and 
floor reaction loads (for further details see Appendix B). Some further checks were performed 
on the numerical model prior to the formal validation process. Hourglass energy was analysed 
and found to reach a steady state of 1.4% of total internal energy after an initial peak of 8%. 
This is satisfactory as it is within the 10% rule-of-thumb generally applied to such models[93]. 
The mass of the aircraft seat finite element model for a two-abreast configuration was found 
to be approximately 700 grams lighter than the original seat (56.99 lb, 25.85 kg). This 
difference of approximately 3% is likely due to the steel hardware such as fasteners and hinges 
being represented as numerical joints in the finite element model. No further data, such as 
centre of gravity or moment of inertia, were available from the aircraft seat manufacturer 
when requested. 
5.2 Model execution 
Analyses were run on the RMIT University high-performance computing cluster. A typical 
analysis required approximately five hours to solve on a single node consisting of two quad-
core AMD Opteron 2.3 GHz CPUs and 32 Gb RAM. 
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5.3 Load case 
The deceleration pulse applied in all model validation and analysis was representative of a 
typical pulse applied in physical testing, with a peak of 21.5 g occurring at 43 ms and net 
velocity change of 14.5 m∙s-1 (see Figure 5-1 below).  
 The pulse was applied as a prescribed acceleration of the joint connecting the sled to the 
reference space with roll, pitch and yaw values of zero. The sled floor was undeformed. 
 
Figure 5-1: Sled longitudinal deceleration pulse applied in all model experiments (forwards 
positive). 
Though this acceleration pulse differs from the ideal pulse set out in aircraft design 
standards[53] (see Figure 4-2), it was considered throughout the present study to be 
representative of a severe but survivable emergency landing. For further detail see section 
4.2.2 above. 
5.4 Signal processing 
It was necessary to process the inherently noisy raw data produced by the CASA study before 
it could be used in any analysis. Sensor signals were filtered according to the Society of 
Automotive Engineers (SAE) standard J211-1[96]. Sensor signals not identified in SAE J211-1 
were processed using the same type of filter with parameters chosen to minimise noise 
without significantly modifying the signal.  
Where peak signal values were used, the value taken was the ‘three millisecond clip’ value. 
This is the highest value that the signal reaches for a cumulative period of at least three 
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milliseconds. Vehicle occupant protection standards[56, 57] make use of this method of 
determining a signal peak. 
5.5 Validation metrics 
In many instances the validation process required the comparison of two transient time 
signals. Signal properties such as the time and magnitude of the peak value are useful but only 
consider a single point in time. While there is no single best method for approaching this 
complex task, the Sprague and Geers error metric[97] has been identified as being appropriate 
to this type of application[98] and has been found to be in good agreement with subjective 
assessments by subject matter experts[99].  
Four graphical examples of the validation metrics outlined below are presented in Appendix 
C.  
5.5.1 Whole-signal comparison 
The Sprague and Geers metric[97] individually assesses the phase and magnitude error 
between two signals over a given period; these two error values are then combined into a 
single comprehensive error factor. The metric is based on the time integrals of a benchmark 
(physical test) signal b(t) and a candidate (numerical model) signal c(t) over a time period t1 < t 
< t2. 
The dimensionless magnitude error factor MSG and phase error factor P are defined as : 
 𝑀𝑆𝐺 = �𝜗𝑐𝑐𝜗𝑏𝑏 − 1 ( 5-1 )  
 𝑃 = 1 − 𝜗𝑐𝑏
�𝜗𝑐𝑐𝜗𝑏𝑏
 ( 5-2 )  
where 
 𝜗𝑏𝑏 = (𝑡2 − 𝑡1)−1 � 𝑏2(𝑡)𝑑𝑡𝑡2
𝑡1
 ( 5-3 )  
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 𝜗𝑐𝑐 = (𝑡2 − 𝑡1)−1 � 𝑐2(𝑡)𝑑𝑡𝑡2
𝑡1
 ( 5-4 )  
 𝜗𝑐𝑏 = (𝑡2 − 𝑡1)−1 � 𝑐(𝑡) ∙ 𝑏(𝑡)𝑑𝑡𝑡2
𝑡1
 ( 5-5 )  
These magnitude and phase error factors are combined to give the comprehensive error 
factor, C: 
 𝐶 = �𝑀𝑆𝐺2 + 𝑃2 ( 5-6 )  
The comprehensive error factor was used to quantify the level of agreement between the 
output of the numerical model and physical test results. It is presented in the form of a 
percentage for convenience. A value of zero for C indicates a perfect match between signals; 
greater values of C indicate a poorer level of agreement between the benchmark and candidate 
signals. With reference to the equations presented above it can be seen that C is unbounded; 
i.e. an extremely poor match between signals can result in a value greater than 100%.  
5.5.2 Peak values 
The comprehensive error factor C does not directly take into account the difference between 
peak signal values. Peak values, both positive and negative, are particularly important 
properties of force and moment signals. Physical test and numerical model signal peak values 
were compared by expressing their difference as a percentage of the physical test value. Where 
a positive (+) peak exists in the physical test signal, the magnitude error (M) between the 
positive peak values is given by: 
 𝑀𝑝𝑜𝑠  = �1 − 𝑃𝑒𝑎𝑘𝑚𝑜𝑑𝑒𝑙(+)𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(+) � × 100 ( 5-7 ) 
Similarly, where a negative (-) peak exists in the physical test signal, the magnitude error 
between the negative peak values in is given by: 
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 𝑀𝑛𝑒𝑔  = �1 − 𝑃𝑒𝑎𝑘𝑚𝑜𝑑𝑒𝑙(−)𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(−) � × 100 ( 5-8 ) 
Where signals exhibit both positive and negative peaks, weighting factors (W) were used to 
determine the relative importance of each peak according to the physical test. These factors 
take into account the magnitude of the positive and negative peaks as a proportion of the total 
envelope of the physical test signal and are given by: 
 𝑊𝑝𝑜𝑠 = 𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(+)𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(+) − 𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(−) × 100 ( 5-9 ) 
 𝑊𝑛𝑒𝑔 = 𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(−)𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(+) − 𝑃𝑒𝑎𝑘𝑡𝑒𝑠𝑡(−) × 100 ( 5-10 ) 
A low value of W (i.e. close to zero) indicates that a peak is relatively insignificant, a high 
value of W (i.e. close to 1) indicates that a peak is significant, while a value of W close to 0.5 
indicates that the positive and negative peaks are of equal significance. This weighting does 
not take into account whether a positive or negative peak is more significant in terms of injury 
potential.  
5.6 Validation parameters 
At the time physical testing was undertaken by CASA, later numerical modelling was not 
taken into consideration. Data describing some potentially useful validation parameters, such 
as floor anchor load, were not available. Of the parameters measured in physical testing, the 
following were deemed relevant to the end use of the model and were used in model 
validation: 
1. Head acceleration (aft passenger and infant) 
2. Upper neck axial force (aft passenger) 
3. Upper neck moment in the longitudinal vertical plane (aft passenger) 
4. Thoracic acceleration (infant) 
5. Supplementary loop belt tension 
Signals were validated in terms of comprehensive error factor and peak value(s). 
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Strong emphasis was placed on the head acceleration signal. This parameter was the closely 
matched of all ATD signals in numerical ATD validation (see section 5.9) and it is sensitive to 
a range of model parameters: 
• Whole-body ATD kinematics 
• Lap belt properties 
• Tray table structural and material properties 
• Seat base and back cushion material properties 
• Seat-back break-over behaviour 
For model configurations designed to measure the baseline performance of the CRS (i.e. with 
no passenger seated aft), the infant ATD head acceleration signals are equally useful in 
assessing the global response of the model. 
The time period used for all signal validation was the full 150 ms numerical model test period, 
giving a good indication of the overall match between physical test and model output data.  
5.7 Validation configurations  
Eight of the configurations used in CASA physical testing were replicated. These were: 
• Three CRS baseline configurations, where an occupied CRS was installed aft of an 
empty seat using the lap belt, ISOFIX and LATCH methods. 
• Three aft passenger configurations, where a Hybrid III 50th percentile male ATD was 
seated behind an occupied CRS installed using the lap belt, ISOFIX and LATCH 
methods. 
• An aft passenger baseline configuration, where a Hybrid III 50th percentile male ATD 
was seated directly aft of an empty seat. 
• A configuration in which an eighteen-month-old infant ATD was seated on the lap of 
a Hybrid III 50th percentile male ATD and restrained using a supplementary loop belt. 
The seat pitch in each validation configuration was thirty inches (0.762 m). The CRS, where 
present, was the forward-facing model described in section 4.3.2.7. In each instance it was 
occupied by a TNO P3 three-year-old ATD. The acceleration pulse applied in each case was 
the sled acceleration signal from the associated CASA physical test. A typical pulse is 
described in section 4.2.2. 
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5.8 Validation results 
The results of numerical model validation, describing the level of agreement between model 
output and the results of corresponding physical experiments, are presented below. Tables 5-1 
through 5-8 present the values of the abovementioned five validation metrics for the signals 
relevant to each corresponding configuration. 
A reasonable level of experimental error was estimated as ±20%; parameters where the 
comprehensive error factor and magnitude error were both less than 20% were deemed to be 
good approximations of reality and therefore suitable for use in an absolute sense. The 
remaining parameters were deemed useful in a comparative sense only. 
Four graphical examples are presented in Appendix C to assist interpretation of metric values, 
including head acceleration curves for the adult and infant.  
5.8.1 CRS baseline configuration – Lap belt CRS 
The CRS was installed using the aircraft seat lap belt. A good level of agreement was observed 
in infant head acceleration signals. The thorax acceleration signal matched physical test data to 
a reasonable degree; however, a spike in the model output resulted in the peak acceleration 
being over-predicted by 181%.  
Table 5-1: CRS baseline configuration – Lap belt CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 10.8 -6.9 100.0 N/A N/A 
Infant thorax acceleration 28.4 181.1 100.0 N/A N/A 
 
5.8.2 CRS baseline configuration – ISOFIX CRS 
The CRS was installed using the ISOFIX method. The infant head and thorax acceleration 
signals matched physical test data well.  
Table 5-2: CRS baseline configuration – ISOFIX CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 4.9 -16.7 100.0 N/A N/A 
Infant thorax acceleration 15.7 13.6 100.0 N/A N/A 
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5.8.3 CRS baseline configuration – LATCH CRS 
The CRS was installed using the LATCH method. The infant head and thorax acceleration 
signal matched well with test data.  
Table 5-3: CRS baseline configuration – LATCH CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 14.2 -7.0 100.0 N/A N/A 
Infant thorax acceleration 23.3 0.2 100.0 N/A N/A 
 
5.8.4 Aft passenger configuration – Lap belt CRS 
A Hybrid III 50th percentile male ATD was seated behind an occupied CRS which was 
installed using the lap belt. The infant head acceleration signal did not match physical test data 
as closely as in the corresponding CRS baseline configuration. The aft passenger head 
acceleration signal exhibited a close match with physical test data. Upper neck signals gave 
mixed results; the fore-aft moment signal matched well with test data while axial force did not.  
Table 5-4: Aft passenger configuration - Lap belt CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 19.2 -1.7 100.0 N/A N/A 
Aft passenger head acceleration 3.3 -4.6 100.0 N/A N/A 
Aft passenger upper neck axial force 43.8 -26.3 53.2 -45.6 46.8 
Aft passenger upper neck fore-aft moment 22.5 100.6 5.8 -9.9 94.2 
 
5.8.5 Aft passenger configuration – ISOFIX CRS 
A Hybrid III 50th percentile male ATD was seated behind an occupied CRS which was 
installed using the ISOFIX method. The infant head acceleration signal matched physical test 
data well. The aft passenger head acceleration signal matched very closely with test data. 
Upper neck force and moment signals matched reasonably well with test data.  
Table 5-5: Aft passenger configuration - ISOFIX CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 12.9 4.4 100.0 N/A N/A 
Aft passenger head acceleration 5.3 2.4 100.0 N/A N/A 
Aft passenger upper neck axial force 28.1 -23.9 62.3 -0.6 37.7 
Aft passenger upper neck fore-aft moment 15.5 3.7 7.8 -18.4 92.2 
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5.8.6 Aft passenger configuration – LATCH CRS 
A Hybrid III 50th percentile male ATD was seated behind an occupied CRS that was installed 
using the LATCH method.  
The infant head acceleration signal matched physical test data well. The aft passenger head 
acceleration signal score exhibited a lower level of agreement with test data than in the lap belt 
and ISOFIX CRS aft passenger configurations. In physical test results, the aft passenger head 
acceleration signal for this configuration exhibits a sharp peak (indicated by the arrow in 
Figure 5-2 below) approximately 6 ms after the initial peak resulting from contact with the 
tray table.  
 
Figure 5-2: Aft passenger head acceleration signals for LATCH and ISOFIX CRS 
configurations 
A review of the footage of this test suggested that this secondary peak, which is present in the 
model but to a smaller degree, is likely to be due to the tray table penetrating the seat back and 
making contact with the CRS. This idea is supported by Figure 5-3 below in which the 
position of the aft passenger head is overlaid at the time of this secondary peak. 
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 Figure 5-3: Overlaid position of aft passenger head at time of peak acceleration in LATCH 
configuration 
With the exception of the peak extension moment, upper neck force and moment signals 
generally did not match well with physical test data.  
Table 5-6: Aft passenger configuration - LATCH CRS signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 12.9 17.1 100.0 N/A N/A 
Aft passenger head acceleration 9.4 4.7 100.0 N/A N/A 
Aft passenger upper neck axial force 56.4 -27.0 50.5 24.2 49.5 
Aft passenger upper neck fore-aft moment 47.7 144.8 25.5 0.4 74.5 
 
5.8.7 Aft passenger baseline configuration 
A Hybrid III 50th percentile male ATD was seated behind an empty seat. The aft passenger 
head acceleration and upper neck force signals matched well with test data. The upper neck 
moment peak value matched well with test data though the shape was not a good match.  
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Table 5-7: Aft passenger baseline configuration signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Aft passenger head acceleration 5.7 -18.3 100.0 N/A N/A 
Aft passenger upper neck axial force 11.3 161.1 3.9 -14.3 96.1 
Aft passenger upper neck fore-aft moment 41.0 542.3 5.2 3.8 94.8 
 
5.8.8 Lap-held eighteen-month-old infant 
A TNO P1.5 eighteen-month-old ATD was seated on the lap of a Hybrid III 50th percentile 
male ATD and restrained using a supplementary loop belt. Model prediction of head 
acceleration was in good agreement with physical test results for the adult and infant. The 
supplementary loop belt tension signal exhibited a high level of agreement. 
Table 5-8: Lap-held eighteen-month-old infant configuration signal validation results 
Signal C % Mpos % Wpos% Mneg% Wneg% 
Infant head acceleration 7.6 -3.1 100 N/A N/A 
Aft passenger head acceleration 7.5 -17.4 100 N/A N/A 
Supplementary loop belt tension 6.5 5.2 100 N/A N/A 
 
5.9 Numerical ATD Validation 
The numerical ATD models used were developed by the producers of MADYMO, TASS BV. 
Limited validation data was provided by TASS for the Hybrid III 50th percentile and TNO P3 
ATDs; no data is available for the nine- and 18-month-old ATDs. The validated ATD models 
were subjected to a series of impacts in simple configurations. The validation results provided 
by TASS BV[100] are subject to a confidentiality agreement and cannot be reproduced here. 
Instead, the level of agreement between physical and numerical ATD output in selected 
signals is described in broad terms in Table 5-9 below. 
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Table 5-9: Validation of numerical ATD models based on confidential data provided by TASS 
BV.  
ATD Signal Level of agreement 
TNO P3 head acceleration High (Mpos ≈ 5%) 
TNO P3 thorax acceleration Moderate (Mpos ≈ 10%) 
Hybrid III 50th percentile head acceleration High (Mpos ≈ 5%) 
Hybrid III 50th percentile upper neck axial force 
Moderate (10% ≤ Mpos/neg ≤ 
35%) 
Hybrid III 50th percentile upper neck fore-aft moment 
Moderate (10% ≤ Mpos/neg ≤ 
35%) 
 
The properties of the numerical ATDs (e.g. geometry, joint stiffness) implemented in the 
model were not modified in any way. 
5.10 Conclusions 
As each seating configuration considered by the CASA study was tested only once there are 
no data available describing the experimental variability of output parameters. Such variability 
would result from: 
1. Test setup inconsistencies, e.g. variations in belt pretension, ATD initial position, and 
CRS initial position. 
2. Structural failure. Minor structural failure (e.g. cracked lateral tubes) was witnessed in a 
small number of physical tests. This is attributed to some aircraft seats having been 
used in multiple tests. The numerical model does not account for structural failure. 
Tests where structural failure occurred were not excluded from the validation process 
because the effect would likely have been minor. 
3.  Measurement errors. In any physical test there is a degree of random error associated 
with measurement. This is especially true of the types of sensors used in sled testing; 
signals from accelerometers and load cells are noisy in nature and are prone to ‘drift’. 
These sources of error are further compounded by the variability in the level of agreement 
between physical and numerical ATD results described in section 5.9 above.The level of 
agreement between model output and the results of physical experiments varied according to 
the parameter in question. The ATD head acceleration signals for both the infant and aft 
passenger exhibited the highest level of agreement, with comprehensive error factors and 
differences in peak magnitudes of less than 20% in all cases.  
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Levels of agreement observed in the aft passenger upper neck force and moment signals were 
quite varied, with comprehensive error factors of between 16% and 48%. The level of 
agreement observed in infant thoracic acceleration signals was also quite varied, with 
variations as high as 28% and 181% in the comprehensive error factor and magnitude error, 
respectively.  
The supplementary loop belt tension signal, measured in only one case, exhibited a high level 
of agreement with physical test results. For this parameter the comprehensive error factor and 
magnitude error were both less than 10%. 
The outcome of this validation process was that the occupant head acceleration and 
supplementary loop belt parameters were deemed suitable for use in quantifying injury and in 
direct comparison with occupant safety standards. All other parameters, including those that 
were not considered in the validation process, were used only to compare seating 
configurations with one another. Thus, the model is henceforth treated as ‘partially validated’. 
All parameters considered, along with their method of evaluation, relevant occupants and 
application are detailed in Table 5-10 below. ‘Application’ refers to whether that injury 
parameter was evaluated by means of an occupant protection standard or known injury 
response; where the level of agreement observed in the validation phase did not permit such a 
use (see section 5.8), the parameter was used in comparative analysis only.  
Table 5-10: Occupant injury parameters considered 
Part Injury parameter Metric Occupant Application 
Head 
Acceleration HIC Infant, adult Adult injury prediction: Mertz et al.[79] Standard: FMVSS 208 
Contact force 3 ms Lap-held infant Comparison only 
Neck 
Fore-aft bending Nij Infant, adult Comparison only 
Axial force Nij Infant, adult Comparison only 
Thorax 
Acceleration 3 ms Lap-held infant Comparison only 
Contact force 3 ms Lap-held infant Comparison only 
Abdomen 
Contact force 3 ms Lap-held infant Comparison only 
Belt tension 3 ms Lap-held infant Injury prediction: Kent et al.[66] 
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6 Safety of the lap-held infant: restraint condition 
6.1 Introduction 
According to different international aviation safety regulations, lap-held infants may either be 
carried unrestrained or restrained by a supplementary loop belt. No prior study has compared 
the safety of the lap-held infant in these opposing restraint conditions; however, individual 
studies have made the following conclusions: 
• Lap-held infants are vulnerable to potentially dangerous contact with the forward seat 
and the adult passenger on whose lap they are seated regardless of restraint 
condition[2-5, 7]. 
• An unrestrained infant is at risk of being projected into the aircraft cabin if the adult 
is unable to restrain them[5], an outcome that has been realised in real-world air 
accidents[20, 22, 23]. 
• An infant restrained by the supplementary loop belt is at increased risk of abdominal 
injury[7], a conclusion arrived at by visual observation rather than by measurement of 
injury parameters. 
6.2 Objectives 
The work described in this chapter sought to quantify and compare the safety of the 
unrestrained and restrained lap-held infant with a view to determining whether either restraint 
condition represents a best case An effort was made to quantify the effect of the 
supplementary loop belt on infant abdominal injury potential.  
6.3 Method 
The partially validated numerical model described in chapter 4 was used to conduct four 
experiments comparing the safety of nine- and eighteen-month-old infants in two restraint 
conditions: unrestrained and restrained by a supplementary loop belt. The following injury 
parameters were measured; the method of evaluation is given in parentheses: 
• Infant head acceleration (HIC15) 
• Infant head contact force (3 ms clip) 
• Infant neck fore-aft moment (Nij) 
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• Infant neck axial force(Nij) 
• Infant thoracic acceleration (3 ms clip) 
• Infant thoracic contact force (3 ms clip) 
• Infant abdominal contact force (3 ms clip) 
• Infant thorax velocity 
• Supplementary loop belt tension (3 ms clip, restrained condition only) 
Output parameter values from the different experiments were compared with one another to 
determine the relative safety of the restrained and unrestrained conditions for the lap-held 
infant. Infant head injury parameter values were also compared with occupant protection 
standards. The risk of infant abdominal injury due to the supplementary loop belt was 
evaluated using the injury risk curve of Kent et al.[66] (see section 3.4.4). The same approach 
was not used to predict infant neck and thoracic injury potential as the associated parameters 
did not exhibit a good level of agreement with physical test results during model validation 
(see chapter 5). 
The aircraft seat model does not include any representation of the cabin ceiling or other 
structure; therefore, in the case of the unrestrained lap-held infant, the model is only able to 
measure the loads acting on the infant while it is within the space bounded by the adult ATD 
and the forward seat. The potential effects of any secondary impacts were not able to be 
considered; instead, the velocity of the infant’s thorax as it left this space was evaluated as a 
proxy for injury risk. The analysis was run for 200 ms in order to measure the velocity of the 
unrestrained infant after the initial impact. 
It is possible that this analysis under-predicted the loading experienced by the lap-held infant 
as a result of the non-biofidelic stiffness of the Hybrid III thoracic spine (see section 3.2.1). 
6.3.1 Seating configuration 
The aircraft seat model described in chapter 4 was employed with a seat pitch of 30 inches. 
The aft row was occupied by ATDs while the forward row was left empty. Four experiments 
were carried out in total; in each instance, the adult passenger was represented by a 50th 
percentile male Hybrid III ATD. As there is no available data describing the size and mass of 
adults who typically carry children on the lap in aircraft, this ATD was chosen because it most 
closely represents a mid-sized adult. Nine- and eighteen-month-old lap-held infants were 
represented by TNO P series ATDs. An example configuration is presented in Figure 6-1 
below. 
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 Figure 6-1: Example of experiment configuration. Nine-month-old ATD restrained by a 
supplementary loop belt on the lap of a 50th percentile male ATD. 
6.3.2 ATD and restraint positioning 
Belts and ATDs were positioned with the aid of footage from CASA physical experiments[2]. 
In each case the adult ATD was restrained by a lap belt and seated in an upright position with 
the hands in front of the infant’s abdomen. The infant ATD was seated in an upright position 
on the adult’s lap. 
6.3.3 Interaction between ATDs 
Contacts were defined between each part of the infant ATD and each part of the adult ATD. 
Contacts between surfaces of the same ATD were also defined where relevant, such as 
between the infant’s legs and upper body.  
The effect of the adult’s grip on the infant was considered to be negligible based on physical 
experiments by Hardy[5] involving an unrestrained lap-held infant. Hardy[5] cites a study by 
Mohan and Schneider[101] which evaluates the clasping strength of adults attempting to 
restrain lap-held infants in frontal crashes. 
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6.4 Results and discussion 
6.4.1 Occupant motion 
Infant restraint condition had only a minor effect on infant kinematics prior to impact with 
the forward seat. In the unrestrained condition the infant moved entirely forward of the 
adult’s body before being projected upwards by the rebound of the forward seat-back. The 
infant’s head, torso and legs impacted the forward seat. In the restrained condition the infant 
remained in the space bounded by the forward seat and the adult’s legs and upper body. The 
infant’s head and legs impacted the forward seat. 
Figure 6-2 and Figure 6-3 below illustrate the relative positions of the infant and adult 
occupants at the time of the first significant contact between the adult’s head and the infant’s 
body. In the case of the unrestrained nine-month-old, the adult’s head contacted the infant’s 
head and thorax, while in the unrestrained eighteen-month-old the adult’s head contacted only 
the infant’s thorax.   
 
Figure 6-2: Nine-month-old infant lap-held by 50th percentile adult male at time 100 ms. 
Restrained by supplementary loop belt (left) and unrestrained (right). 
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 Figure 6-3: Eighteen-month-old infant lap-held by 50th percentile adult male at time 100 ms. 
Infant restrained by supplementary loop belt (left) and unrestrained (right). 
At an elapsed time of 200 ms, the forward and aft seat-backs were still undergoing rebound 
motion. At this time the restrained infants remained contained in the space between the 
forward seat and the adult’s legs and upper body, while the nine- and eighteen-month-old 
unrestrained infants were translating freely upwards at 3 m∙s-1 and 5 m∙s-1 respectively as 
measured at the thorax. These velocities are equivalent to those reached during falls of 
approximately 0.5 m and 1.25 m, respectively.  
6.4.2 Head injury 
In each configuration the infant’s head contacted the forward seat; the different impact 
locations (see Figure 6-2 and Figure 6-3 above) resulted in minor variation in HIC15 score. In 
each case infant HIC15 scores, presented below in Figure 6-4, far exceeded the FMVSS 208 
HIC15 limits for both a twelve-month-old (390) and an adult (700). Infant HIC15 scores for 
the nine-month-old indicated a lower degree of head injury in the unrestrained condition than 
the restrained condition. This result was reversed in the case of the eighteen-month-old, 
though the difference in HIC15 scores was smaller. 
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 Figure 6-4: HIC15 scores for restrained and unrestrained nine- and eighteen-month-old lap-
held infants. FMVSS 208 limit is for twelve-month-old. 
In every case except the unrestrained eighteen-month-old, the adult’s head contacted the 
infant’s head while the latter was in contact with the forward seat. This resulted in two 
different loading scenarios for the infant’s head:  
• where the adult’s head did not make contact with the infant’s, the load acting on the 
infant’s head was due to its own inertia, and 
• in cases where the adult’s head made contact with the infant’s, the load acting on the 
infant’s head was due to the inertia of both the infant’s head the adult’s. 
This distinction is important as it means that HIC is unsuitable as a tool for assessing head 
injury potential in the lap-held infant. As HIC is calculated entirely from the net head 
acceleration of the relevant occupant it is unable to account for effects of applied forces 
which do not result in acceleration of the head. Such a case exists here, where the infant’s 
head is loaded in compression between the forward seat and the adult’s head; for this reason, 
head contact force was chosen as an injury parameter. 
Peak head contact force, presented below in Figure 6-5, was substantially higher for the nine-
month-old than for the eighteen-month-old. In the case of the nine-month-old, the restrained 
condition resulted in a 4% lower peak force than the unrestrained condition. The opposite 
was found to be true in the case of the eighteen-month-old and to a much greater degree: the 
restrained condition resulted in a peak force nearly twice that measured in the unrestrained 
condition. 
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 Figure 6-5: Head contact force 3 ms clip values for restrained and unrestrained nine- and 
eighteen-month-old lap-held infants. 
The head contact force observed in the eighteen-month-old was significantly lower than in the 
nine-month-old as a result of its greater stature. For the eighteen-month-old the smaller initial 
distance between the two occupants’ heads resulted in a correspondingly lower relative 
velocity at impact than for the nine-month-old. In the case of the unrestrained eighteen-
month-old the head contact force was further reduced by the infant head having translated far 
enough forward that the adult’s head did not make contact. 
6.4.3 Neck injury 
Occupant protection standards do not specify critical neck injury parameter values for nine- 
or eighteen-month-old infants. Instead, the values specified in FMVSS 208 for a twelve-
month-old were used to calculate Nij for use in a comparative sense. It is therefore likely that 
the results presented here under-estimate Nij for the nine-month-old and over-estimate Nij for 
the eighteen-month-old. For this reason, Nij here is denoted Nij*. Neck injury parameter 
values are interpreted here in a comparative sense only in accordance with the level of 
agreement with physical test data evident in the validation process. 
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 Figure 6-6: Nij* values for restrained and unrestrained nine- and eighteen-month-old lap-held 
infants, calculated using critical values for twelve-month-old. 
Neck injury results are presented in Figure 6-6 above. In each instance, the maximum Nij* 
value occurred while the neck was loaded in extension (head tilted back) and the head was in 
contact with the forward seat.  
For both infant sizes, the restrained condition produced a much higher Nij* value than the 
unrestrained condition. The reason for this was that in the restrained condition the infant’s 
head and upper body rotated forwards in an arc about the supplementary loop belt. Once the 
infant’s head had contacted the forward seat its upper body continued to rotate, causing the 
head to tilt backwards. A similar effect was observed in the unrestrained infants, though to a 
much lesser degree, as a result of contact with the head and upper body of the adult as it arced 
about its own lap belt. The bending stiffness of the nine-month-old’s neck is approximately 
1.7 times that of the 18-month-old. 
6.4.4 Thoracic injury 
Results indicated a similar level of thoracic acceleration for all cases. The lowest maximum 
value was observed in the restrained eighteen-month-old and the highest in the unrestrained 
nine-month-old. Peak thoracic acceleration values, presented in Figure 6-7 below, were a 
result of contact with the adult ATD. 
The restrained condition was associated with a reduction in maximum thoracic acceleration 
for both the nine-month-old (8%) and eighteen-month-old (13%). 
4.5 
7.4 
2.0 1.9 
0
1
2
3
4
5
6
7
8
9-month-old 18-month old
N
ij
* 
Restrained
Unrestrained
 65 
  
Figure 6-7: Thoracic acceleration 3 ms clip values for restrained and unrestrained nine- and 
eighteen-month-old lap-held infants. 
Thoracic contact force was significantly higher in the unrestrained condition than in the 
restrained condition, by a factor of 2.3 for the nine-month-old and a factor of 2.1 for the 
eighteen-month-old (see Figure 6-8 below). The increased force in the unrestrained condition 
was a result of the infant’s body translating forward sufficiently to place the thorax in the path 
of the adult’s head. 
 
Figure 6-8: Thoracic contact force 3 ms clip values for restrained and unrestrained nine- and 
eighteen-month-old lap-held infants. 
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6.4.5 Abdominal injury 
Supplementary loop belt use resulted in significantly greater abdominal contact force than the 
unrestrained condition (see Figure 6-9). For the nine-month-old the restrained condition 
resulted in an abdominal force 2.5 times that of the unrestrained condition; in the eighteen-
month-old the abdominal force associated with the restrained condition was 6.6 times that in 
the unrestrained condition. 
 
Figure 6-9: Abdominal contact force 3 ms clip values for restrained and unrestrained nine- and 
eighteen-month-old lap-held infants. 
In the restrained condition the abdominal contact force was due to the supplementary loop 
belt while in the unrestrained condition the force was a result of contact with the adult or the 
infant’s own legs. Tension in the supplementary loop belt (see Figure 6-10) was similar in both 
the nine- and eighteen-month-old cases. The maximum tension values measured were 3250 N 
and 3000 N, respectively. 
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 Figure 6-10: Supplementary loop belt tension for nine- and eighteen-month-old lap-held 
infants. 
The size and positioning of the supplementary loop belt matched the experimental method 
employed by Kent et al.[66] in the development of abdominal injury risk curves for the six-
year-old child (see section 3.4.4). The maximum belt tension values observed in the ATDs 
representing the nine- and eighteen-month old are associated with an approximately 95% 
probability of serious (AIS 3) or greater abdominal injury in a six-year-old child (95% 
confidence interval 80% – 100%). 
6.5 Conclusion 
The work detailed in this chapter is the first in the open literature to make a quantitative 
comparison and evaluation of the safety of the two mandated restraint conditions for the lap-
held infant: unrestrained and restrained by a supplementary loop belt. A numerical model was 
used to assess the safety of infants aged nine months and 18 months held on the lap of a mid-
sized adult male. The safety parameters considered were adult and infant ATD kinematics, the 
contact loading acting on the infant ATD and, where present, the peak tension in the 
supplementary loop belt. There is insufficient data on real-world emergency landing events to 
evaluate the results of this study in terms of the historical occurrence of such injuries (see 
section 2.5.3); however, results were evaluated in the context of the conclusions relevant prior 
studies. 
Neither of the restraint conditions for the lap-held infant mandated by aviation safety 
authorities presented a clear best-case in terms of infant safety. This analysis confirmed that 
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an unrestrained lap-held infant is at risk of being projected through the aircraft cabin during 
the impact sequence, an outcome previously observed in experimental investigations[5] and 
air accidents[20, 22]. At the end of the impact sequence, the ATDs representing the nine- and 
eighteen-month-old infants were projected towards the ceiling of the aircraft cabin at speeds 
of approximately 3 m∙s-1 and 5 m∙s-1 respectively. These speeds are equivalent to those reached 
during falls of approximately 0.5 m and 1.25 m, respectively. 
It has been reported, based on a qualitative evaluation, that the supplementary loop belt may 
cause “extremely serious” internal abdominal injuries in infants[7]. In the present study an 
abdominal injury risk curve developed for the six-year-old child by Kent et al.[66] was used to 
evaluate injury to the restrained infant caused by the supplementary loop belt. Under the 
presumption that the susceptibility of the nine- or eighteen-month-old to blunt abdominal 
trauma is equal to or greater than that of the six-year-old child, the loads measured by the 
present study resulted in a greater than 80% probability of abdominal injuries at the 
abbreviated injury scale classification of ‘severe’ or greater. Such injuries include perforation 
and laceration of the small bowel as well as large bowel injuries resulting in gross faecal 
contamination of and significant blood loss into the peritoneal cavity[66]. 
The restrained and unrestrained infant ATDs, particularly the head, was loaded in 
compression between the forward seat and the adult’s body. This effect has been observed in 
prior studies[2, 3, 7]. One implication of this is that the head injury criterion, a widely used 
head injury metric, is insufficient in quantifying head injury potential. The contact loading 
applied by the accompanying adult did not result in acceleration of the infant head and was 
therefore not accounted for by HIC; this resulted in an under-estimation of infant head injury 
potential by this method. Nonetheless, HIC15 was evaluated for the lap-held infant in the 
restrained and unrestrained conditions. Its value greatly exceeded the limit for both infants 
and adults set out in automotive occupant protection standards[56]. The nine-month-old in 
the unrestrained condition recorded the minimum HIC15 score, while the nine-month-old in 
the restrained condition recorded the maximum HIC15 score. 
No prior study has evaluated head contact load for the lap-held infant. In this study, the peak 
contact load experienced by the infant’s head was between 1.5 kN and 4.5 kN across all 
experiments. Interaction between two variables - the restraint condition and the infant’s 
stature - appeared to influence the magnitude of the peak head contact load. The smaller body 
of the nine-month-old was contained within the path of the adult’s body as it flailed forward, 
resulting in head-to-head contact regardless of restraint condition. A lower load was observed 
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in the eighteen-month-old as a result of its taller stature: in the restrained condition the peak 
load was lesser than for the nine-month-old due to the lower relative velocity between infant 
and adult head at impact. In the unrestrained condition the infant translated far enough 
forward that no head-to-head contact occurred. 
Restraint condition and infant stature were found to have effects on the peak thoracic contact 
force opposite to those observed in the head contact force results. Restraint condition was a 
significant factor: the unrestrained condition resulted in a doubling of peak thoracic contact 
force for both infant sizes. The taller stature of the eighteen-month-old placed its thorax more 
within the path of the adult’s head while the unrestrained condition allowed the infant to 
translate far enough forward that its thorax was in the path of the adult’s head regardless of 
stature. This resulted in the unrestrained eighteen-month old, having received the lowest head 
contact force, sustaining the highest observed contact force to the thorax. The restrained 
condition was associated with reduced thoracic acceleration. 
The restrained condition resulted in significantly greater potential for neck injury than the 
unrestrained condition. The mechanism for this was a difference in the nature of the contact 
with the forward seat as the infant flailed about its lap belt. 
It is possible that in both restraint conditions the loading experienced by the infant was above 
the survivable limit. This is especially true in the case of head contact force where large forces 
were applied to the soft and pliable infant skull. The following chapter presents a 
characterisation and further analysis of these forces. 
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7 Safety of the lap-held infant: head loading characteristics 
7.1 Introduction 
Head contact force is an injury mechanism strongly associated with skull fracture[102]. 
Physical experiments[2, 7] and the analysis detailed in the previous chapter have shown that 
the lap-held infant’s body, particularly the head, is loaded in compression between the forward 
seat-back and the adult’s body during deceleration (see Figure 7-1 below). The loading 
experienced by the lap-held infant under emergency landing conditions has been described as 
“extremely serious to fatal”[7] and likely to cause “excessive head and neck trauma”[2]. These 
qualitative findings are based on observation, HIC score or a combination of both.  
 
Figure 7-1: The restrained lap-held nine-month-old pre-impact (left) and during contact with 
the forward seat-back (right)[2]. 
The nature and magnitude of potential head injury to the lap-held infant have not previously 
been determined for two principal reasons: 
1. The contact force acting on the head has not previously been characterised as it 
cannot be measured by physical testing. The analysis detailed in the previous 
chapter confirmed that the head acceleration parameter in isolation cannot 
account for the compressive loading to the infant head. 
2. There is presently no simple injury criterion able to predict head injury under the 
compressive loading condition experienced by the head of the lap-held infant. 
Instead, it is likely that an accurate prediction of head injury risk will only become 
possible through finite element modelling of the infant head. 
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A significant amount of work has been done towards a finite element model for the study of 
paediatric head impact[72, 103-108]. The results of the work detailed in this chapter will 
support the use of such a model in predicting head injury mechanisms and severity for the 
lap-held infant. 
As a first step towards quantifying head injury potential for the lap-held infant the contact 
force applied to the infant forehead during impact was isolated and used to estimate the 
equivalent acceleration that would have occurred were the head not loaded in compression. 
This allowed the calculation of a more instructive HIC value for the infant than was arrived at 
in the previous chapter. 
7.2 Objectives 
The work detailed in this chapter sought to characterise the contact forces acting on the head 
of the lap-held infant to inform a potential future study aimed at predicting injury mechanisms 
and severity. A further objective was to use this information to refine the assessment of infant 
head injury potential made in the preceding chapter. 
7.3 Method 
The results of the work detailed in the previous chapter were analysed to determine the force-
time characteristic and therefore impulse delivered to the nine-month-old infant’s head by the 
forward seat and adult head in both the restrained and unrestrained conditions. The nine-
month-old infant was chosen because the work detailed in the previous chapter identified it as 
the worst case of the two available infant ages. 
The contact force applied to the infant forehead during the impact sequence was isolated. 
Through application of Newton’s second law the contact force was translated into an estimate 
of the head acceleration that would result from such a force if the head were not loaded in 
compression; i.e. the force-time curve was divided by the ATD head mass of 2.0 kg to arrive 
at an acceleration-time curve. This data was then used to calculate a force-based HIC15 for the 
infant, denoted HICF.  
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7.4 Results and discussion 
The force-time characteristics of the contact loading applied to the infant head by the forward 
seat and adult head are presented in Figures 7-2 and 7-3 below. The forward seat applied force 
to the face and frontal bone, while the adult head applied force to the parieto-occipital region.  
 
Figure 7-2: Force-time characteristic of contact to the restrained nine-month-old infant head 
by the forward seat and adult head. 
Figure 7-2 above illustrates the approximately equal application of force by the forward seat 
and adult head in the restrained condition. The infant’s head was loaded in compression 
between the tray table and adult head for approximately thirty milliseconds. In Figure 7-3 
below it is evident that the unrestrained lap-held infant’s head sustained contact loading over a 
much greater period of time. It was loaded in compression for approximately twenty 
milliseconds; however, a notable difference is that the infant’s head was in contact with the 
forward seat-back as the seat-back rebounded. This rebound effect was responsible for the 
prolonged duration of contact.  
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 Figure 7-3: Force-time characteristic of contact to the unrestrained nine-month-old infant 
head by the forward seat and adult head. 
The impulse values derived from the force-time characteristics in Figure 7-2 and Figure 7-3 
are presented below in Table 7-1. 
Table 7-1: Impulse delivered to nine-month-old infant head through contact with forward seat 
and adult head 
 
Impulse (N·s) 
 
Fwd seat Adult head 
Restrained 83 71 
Unrestrained 231 29 
 
The force-time characteristics of the load applied to the infant forehead (labelled ‘Forward 
seat’ in Figure 7-2 and Figure 7-3) were translated into estimated equivalent acceleration 
curves by dividing by the ATD head mass of 2.0 kg. The HICF scores derived from these 
curves were 4993 in the restrained condition and 7997 in the unrestrained condition. 
7.5 Conclusion 
Through qualitative analysis, prior studies have described the loading experienced by the lap-
held infant under emergency landing conditions as “extremely serious to fatal”[7] and likely to 
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cause “excessive head and neck trauma”[2]. It is likely that an accurate prediction of injury 
outcomes will only be possible through the application of a finite element model of the infant 
head; such a technique remains at the forefront of research in the field of paediatric injury 
biomechanics. To facilitate the use of such a model in the future, the impact loading applied 
to the nine-month-old lap-held infant’s head in both the restrained and unrestrained 
conditions has been characterised by the present study. 
Building on the initial assessment of head injury potential for the lap-held infant described in 
the preceding chapter, a refined prediction was made of the head injury criterion values for 
the nine-month-old in this seating configuration. The HIC scores derived in this analysis were 
4993 in the restrained condition and 7997 in the unrestrained condition. These values are an 
order of magnitude greater than the limits set out in motor vehicle occupant safety standards 
(see section 3.4.1).  
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8 Safety of the lap-held infant: emergency brace positions 
8.1 Introduction 
Prior studies have considered emergency brace positions for adult passengers through physical 
experiments[25] and the analysis of a real-world air accident has proven these to be effective 
in reducing injury to adult passengers[14]. Brace positions involving lap-held infants have 
been identified[25] and are recommended for use by some aviation safety authorities[26, 28]; 
however, no study has yet quantified or compared their efficacy. 
8.1.1 Objective 
The work described in this chapter sought to determine the degree to which emergency brace 
positions provide protection to the lap-held infant. Also considered was whether the risk of 
head injury to the infant may be mitigated by a lateral offset between the occupants’ heads. 
8.1.2 Traditional brace positions 
Two distinct emergency brace positions were identified for analysis; one suitable for both 
restrained and unrestrained infants and one suitable for unrestrained infants only. The 
position recommended by Transport Canada[28] (see section 2.3.3) places the infant in a 
rearward-facing orientation. Its implementation in the numerical model is depicted in Figure 
8-1 below. 
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 Figure 8-1: Rearward-facing unrestrained nine-month-old ATD on the lap of a braced 50th 
percentile male ATD. 
The rearward-facing orientation is suitable in cases where the infant is unrestrained; however, 
it would be unsuitable for restrained infants as the inertial loading of the infant’s body during 
impact would result in the undesirable condition of the infant’s spine being loaded in 
extension.  
A brace position suitable for the restrained condition was chosen from the passenger safety 
card of a major Australian air carrier. In this forward-facing position, depicted in Figure 8-2 
below, the adult leans forward over the infant as recommended by the FAA[109]; however, no 
support is provided to the infant’s body. 
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 Figure 8-2: Forward-facing nine-month-old ATD restrained by a supplementary loop belt on 
the lap of a braced 50th percentile male ATD. 
8.1.3 Modified brace position 
The results of the previous two chapters highlighted the risk of head-to-head contact between 
the lap-held infant and the accompanying adult. As the descriptions of the traditional brace 
positions identified above do not make mention of the alignment of the two occupants’ 
heads, the same outcome is possible in the braced condition. To assess the potential benefit of 
a deliberate misalignment of the occupants’ heads a modified brace position is proposed in 
which the occupants’ heads are laterally offset from one another and the infant is forward-
facing to ensure applicability to either restraint condition (see Figure 8-3 below). 
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 Figure 8-3: Occupant head alignment in the traditional (left) and modified emergency brace 
positions. 
8.2 Method 
Six initial configurations, described below in Table 8-1, were tested to assess the potential 
safety benefit of the two traditional brace positions for nine- and eighteen-month-old infants. 
For the forward-facing position, both restrained and unrestrained conditions were tested; for 
the rearward-facing position, only the unrestrained condition was tested (see section 8.1.2). 
Table 8-1: Experiment configurations to assess traditional brace positions 
Infant age Restraint condition Infant orientation 
9 months Supplementary loop belt Forward (FF) 
9 months Unrestrained Forward (FF) 
9 months Unrestrained Rearward (RF) 
18 months Supplementary loop belt Forward (FF) 
18 months Unrestrained Forward (FF) 
18 months Unrestrained Rearward (RF) 
 
A seventh experiment was conducted to test the potential benefit to infant head injury of a 
modified forward-facing brace position in which the occupants’ heads are laterally offset. This 
analysis considered the nine-month-old in the forward-facing restrained and unrestrained 
conditions. The peak (3 ms clip) head contact force was measured to enable comparison with 
the results of the six initial experiments. 
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All experiments were carried out using the numerical model described in chapter 4 with a seat 
pitch of 0.762 m. In each experiment, ATDs occupied the aft row and the forward row was 
unoccupied. The adult passenger was represented by a 50th percentile male Hybrid III ATD. 
Contacts were defined as in the previous lap-held analysis and the effect of the adult’s grip on 
the infant was considered to be negligible (see section 6.3.3).  
Results for the traditional braced configurations described here were compared with those of 
the unbraced lap-held infant analysis described in chapter 6. Infant head contact force was the 
only injury parameter evaluated as the work of the preceding two chapters identified that an 
acceleration-based evaluation of HIC is unsuitable.  
The forehead contact force measured in the restrained and unrestrained nine-month-old in 
the forward-facing traditional and modified positions was used to evaluate HICF by the 
method described in the previous chapter. This enabled the comparison of results with those 
of the previous chapter and hence an evaluation of the efficacy of the traditional and modified 
brace positions. 
As in the lap-held analyses described in the preceding chapters, it is possible that this analysis 
under-predicted the loading experienced by the lap-held infant due to the non-biofidelic 
stiffness of the Hybrid III thoracic spine[42]. 
8.3 Results and discussion 
Sections 8.3.1 to 8.3.5 compare the results of the experiments employing the traditional brace 
positions with those of the unbraced lap-held analysis described in Chapter 6. The effects of 
the modified brace position on infant head injury potential are evaluated in section 8.3.6. 
8.3.1 Occupant motion 
The infant’s head and upper body contacted the forward seat-back in each of the six 
experiments. The closer initial proximity to the forward seat-back meant that this contact 
occurred at a lower relative velocity than in the unbraced cases. In each experiment, the 
infant’s head was compressed between the adult’s head and the forward tray table. In the 
restrained condition the infant’s body remained within the space bordered by the adult’s 
upper body and upper legs for the duration of the experiment. The unrestrained infants 
moved forward onto the forward seat-back, though not to the degree observed in the 
unbraced case (see section 6.4). The unrestrained condition did not result in any significant 
vertical velocity component at the end of the 200 ms experiment as was the case in the 
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unbraced analysis (see section 6.4.1). The legs of the forward-facing infants contacted the 
forward seat-back early in the experiment; the legs of infants in the rearward-facing 
configuration did not contact the forward seat-back. 
8.3.2 Head injury 
In each of the experiments involving the nine-month-old the traditional brace positions 
resulted in significantly reduced maximum head contact force. The mechanism for this was 
the smaller initial distance between the infant’s head and the forward seat. This smaller 
distance resulted in a lower relative velocity between the infant’s head and the forward seat-
back at the time of impact and correspondingly lower contact force. The rearward-facing 
brace position resulted in better mitigation of head contact force than the forward-facing 
brace position. This effect was most significant in the case of the nine-month-old where the 
peak force was 27% less than in the unrestrained forward-facing position. 
 
Figure 8-4: Comparison of maximum head contact force results for braced and unbraced nine-
month-old lap-held infant. Infant forward-facing (FF) and rearward-facing (RF). 
The case of the restrained eighteen-month-old followed this pattern also; however, the head 
contact forces measured in the unrestrained forward- and rearward-facing braced cases for 
this infant were greater than for the unrestrained and unbraced case. The reason for this was 
that the unrestrained and unbraced eighteen-month-old translated far enough forward that its 
head was not within the trajectory of the adult’s head, resulting in a particularly low head 
contact force in the infant. 
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 Figure 8-5: Comparison of maximum head contact force results for braced and unbraced 
eighteen-month-old lap-held infant. Infant forward-facing (FF) and rearward-facing (RF). 
To assess the effect of the traditional forward-facing brace position on infant head injury 
potential, HICF scores were calculated for the nine-month-old using the method described in 
the preceding chapter.  
  
Figure 8-6: Comparison of HICF values for the nine-month-old lap-held infant, unbraced and 
traditional forward-facing brace position. 
In the nine-month-old the adoption of the forward-facing brace position resulted in a 
significant reduction in HICF score regardless of restraint condition.  
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8.3.3 Neck injury 
As in the unbraced analysis, infant neck injury was evaluated using the critical values specified 
in FMVSS 208 for a twelve-month-old. It is likely that this method resulted in an under-
prediction of Nij for the nine-month-old and an over-prediction for the eighteen-month-old. 
For this reason, Nij here is denoted Nij*; results are presented in Figure 8-7 and Figure 8-8 
below. Neck injury parameter values are interpreted here in a comparative sense only in 
accordance with the level of agreement with physical test data evident in the validation 
process. 
 
Figure 8-7: Comparison of Nij* values for the nine-month-old lap-held infant in the braced 
unbraced conditions, with infant forward-facing (FF) and rearward-facing (RF). 
The Nij* results revealed that the forward-oriented braced condition reduces infant neck 
injury potential. The improvement ranged from a small 5% reduction in the unrestrained 
eighteen-month-old to a significant 80% reduction in the restrained infant of the same size. 
The rearward-facing brace position was detrimental to infant neck injury potential; Nij* results 
were significantly increased compared with the forward-facing brace position. 
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 Figure 8-8: Comparison of Nij* values for the eighteen-month-old lap-held infant in the 
braced unbraced conditions, with infant forward-facing (FF) and rearward-facing (RF). 
8.3.4 Thoracic injury 
Thoracic acceleration results are presented in Figure 8-9 and Figure 8-10 below. In both the 
nine- and eighteen-month-old infants the braced condition led to lower maximum thoracic 
acceleration values than the unbraced condition. The mechanism for this reduction was a 
lower relative velocity between the infant’s thorax and the forward seat-back at the time of 
impact.  
 
Figure 8-9: Comparison of maximum thoracic acceleration results for braced and unbraced 
nine-month-old lap-held infant, with infant forward-facing (FF) and rearward-facing (RF). 
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The forward-facing brace position resulted in a small benefit for the unrestrained eighteen-
month-old as a result of the adult’s head making a secondary impact with the infant’s thorax. 
In the case of the unrestrained rearward-facing eighteen-month-old the lower position of the 
infant’s thorax prevented this secondary impact from occurring.  
 
Figure 8-10: Comparison of maximum thoracic acceleration results for braced and unbraced 
eighteen-month-old lap-held infant, with infant forward-facing (FF) and rearward-facing 
(RF). 
Peak thoracic contact force results are presented in Figure 8-11 and Figure 8-12 below. The 
traditional brace positions resulted in significantly lower peak thoracic contact forces than the 
corresponding unbraced configurations except for the unrestrained forward-facing eighteen-
month-old, a result of the adult’s head making a secondary impact on the infant’s thorax as 
discussed above. In each of the other cases, the reduced thoracic contact force was a result of 
smaller relative velocity between the adult and infant occupants and the forward seat-back at 
the time of impact.∙ 
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 Figure 8-11: Comparison of maximum thoracic contact force results for braced and unbraced 
nine-month-old lap-held infant, with infant forward-facing (FF) and rearward-facing (RF). 
In the nine-month-old the rearward-facing brace position was associated with significantly 
higher peaks in thoracic acceleration and contact force than the forward-facing brace position. 
In this infant the forward-facing position resulted in head-first contact with the tray table 
which mitigated subsequent thoracic contact with the same surface; in the rearward-facing 
position, head and thoracic contact with the tray table were concurrent. An inverse effect was 
observed in the eighteen-month-old but was the result of a different mechanism: in the 
rearward-facing position, thoracic contact was with the soft fabric below the tray table; in the 
forward-facing position, thoracic contact was with the tray table itself. 
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 Figure 8-12: Comparison of maximum thoracic contact force results for braced and unbraced 
eighteen-month-old lap-held infant, with infant forward-facing (FF) and rearward-facing 
(RF). 
8.3.5 Abdominal injury 
Figure 8-13 and Figure 8-14 below present a comparison of peak abdominal contact force in 
the braced and unbraced configurations. Peak values were lower in the traditional brace 
positions than in the corresponding unbraced condition. In the unrestrained condition the 
peak force was a result of contact with the abdomen or thorax of the adult ATD, while in the 
restrained condition the peak was due to the restraint force applied by the supplementary loop 
belt. The braced condition most greatly benefitted the unrestrained forward-facing nine-
month-old and the restrained forward-facing eighteen-month-old. 
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 Figure 8-13: Comparison of maximum abdominal contact force results for braced and 
unbraced nine-month-old lap-held infant, with infant forward-facing (FF) and rearward-facing 
(RF). 
 
Figure 8-14: Comparison of maximum abdominal contact force results for braced and 
unbraced eighteen-month-old lap-held infant, with infant forward-facing (FF) and rearward-
facing (RF). 
Peak supplementary loop belt tension results observed in the restrained configuration are 
presented below in Figure 8-15). The braced condition resulted in a significant reduction of 
supplementary loop belt tension in both infant sizes. The infant’s closer proximity to the 
forward seat-back in the braced condition led to the seat-back itself providing ‘restraint’ 
sooner in the impact sequence and therefore lower maximum tension in the supplementary 
loop belt. 
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 Figure 8-15: Peak supplementary loop belt tension for nine- and eighteen-month-old lap-held 
infants in forward-facing braced and unbraced conditions. 
As in the unbraced analysis, an abdominal injury risk curve developed for a six-year-old child 
[66] was used to predict the probability of abdominal injury of AIS classification ‘serious’ or 
greater. For the nine-month old the braced condition was associated with a probability of 35% 
(95% confidence interval 10 – 60%), while for the eighteen-month-old the braced condition 
was associated with a probability of 60% (95% confidence interval 35 – 80%). 
8.3.6 Modified brace position 
The modified brace position was more effective in reducing the peak head contact force than 
the traditional brace position (see Figure 8-16 below). The improvement was most 
pronounced in the unrestrained infant with a reduction in peak force of 18%. In the restrained 
case the modified position resulted in a smaller improvement of 9%. 
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 Figure 8-16: Comparison of peak head contact force for the nine-month-old lap-held-infant in 
forward-facing traditional and modified brace positions. 
A reduction in impact severity was also observed in forehead contact force results, 
manifesting as the reduced HICF values presented below in Figure 8-17. 
 
Figure 8-17: Comparison of HICF values for nine-month-old lap-held infant in forward-facing 
traditional and modified brace positions. 
8.4 Conclusion 
Though brace positions involving lap-held infants have previously been identified[25] and are 
recommended for use by some aviation safety authorities[26, 28], no prior study has 
quantified or compared their efficacy. The present study analysed the safety of lap-held nine- 
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and eighteen-month-old infants in situations where the accompanying passenger, a 50th 
percentile adult male, had adopted an emergency brace position. The results were compared 
with those of the unbraced analysis described in Chapters 6 and 7 to determine the efficacy of 
brace positions in reducing loading on the infant.  
The analysis primarily considered two traditional brace positions, one with the infant forward-
facing and the other with the infant rearward-facing. Because the recommended brace 
positions made no mention of head position, the occupants’ heads were aligned laterally to 
represent a worst-case scenario for the infant. A modified brace position in which the infant 
was forward-facing and the heads of the infant and accompanying adult were laterally offset 
was evaluated for the nine-month-old in terms of head injury parameters. The restrained and 
unrestrained conditions were considered in the forward-facing positions; in the rearward-
facing position the restrained condition was not considered as the restraint force would result 
in the undesirable condition of the infant’s spine being loaded in extension. 
 In general, the braced condition resulted in reduced loading on the infant compared to the 
unbraced condition in a corresponding restraint condition. With the exception of the 
unrestrained eighteen-month-old, the traditional brace positions resulted in lower inertial and 
contact loading to the head, thorax and abdomen regardless of infant age or restraint 
condition. This reduced loading was due to the closer initial proximity of the adult and infant 
bodies and the corresponding lower relative velocity at the time of impact. 
The traditional brace positions resulted in a substantial reduction of peak head contact force 
in the nine-month-old, with values approximately halved in both restraint conditions. A 21% 
reduction in peak force was observed in the restrained eighteen-month-old; however, a 
significant increase occurred in the unrestrained condition for this infant. This was due to its 
body being contained more within the trajectory of the adult’s head and upper body in the 
braced condition than in the unbraced condition. 
The traditional forward-facing brace position was associated with benefits to infant neck 
injury potential ranging from minor (5% reduction) to significant (80% reduction) across all 
configurations. Compared with the forward-facing brace position, the rearward-facing 
position was found to significantly promote infant neck injury potential. 
The traditional brace positions resulted in reduced thoracic acceleration in all cases. Thoracic 
contact force was reduced in all cases except for the forward-facing unrestrained eighteen-
month-old; in the nine-month-old cases a substantial reduction of greater than 50% was 
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observed. The mechanism responsible for the increased force observed in the unrestrained 
eighteen-month-old was the same as for the increased head contact force in this 
configuration. The rearward-facing brace position better protected the eighteen-month-old 
from thoracic injury than the forward-facing position; however, the opposite was true in the 
nine-month-old. 
Abdominal loading was effectively reduced in the traditional brace positions. Contact loading 
on the abdomen was reduced by at least 27% in all cases. Supplementary loop belt tension was 
substantially reduced in the restrained configurations. Based on a model developed for the six-
year-old child, the 95% risk of serious or greater abdominal injury associated with the 
unbraced condition was reduced to 35% and 60% for the nine- and 18-month-old, 
respectively. However, as these predictions are based on a model developed for an older and 
more structurally-developed child (see section 3.3.3), it is probable that they represent an 
under-estimation of the true risk of injury to the developing infant abdomen. 
A modified brace position in which the infant was forward-facing and the heads of the infant 
and accompanying adult were laterally offset was evaluated for the nine-month-old in terms of 
head injury parameters. Compared to the traditional forward-facing position, in which 
occupant head alignment was considered as a worst case, this modified position resulted in 
further reductions in peak infant head contact load of 9% and 18% in the restrained and 
unrestrained conditions, respectively.  
While the adoption of an emergency brace position was generally effective in reducing injury 
potential for the lap-held infant, injury parameter values observed in the braced condition 
remained at high levels according to automotive safety standards. In cases where the infant 
was unrestrained, the rearward-facing brace position did not have any clear benefits compared 
with the forward-facing brace position; it produced small-to-moderate reductions in head 
injury potential but strongly promoted neck injury potential. 
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9 Automotive child restraint systems: implementation in air transport 
9.1 Introduction 
Several studies have found that CRS, particularly those installed by novel methods, are capable 
of providing infant aircraft passengers with a sufficient level of protection under emergency 
landing conditions[2, 3, 6-8]. However, questions remain as to how CRS might be most safely 
implemented in air transport[2-4, 6, 10]. This chapter details the work carried out to answer 
the research questions presented in section 1.2 related to the use of CRS in air transport.  
Three CRS installation methods were considered: the traditional aircraft seat lap belt and the 
novel ISOFIX and LATCH methods (see section 2.4.4). A top tether strap was not used 
except in the analysis detailed in section 9.7. 
The experiments described in this chapter were carried out using the numerical model detailed 
in chapter four. Unless otherwise specified, the following seating configuration was used: 
• The row-to-row seat pitch was 0.762 m (30 in.). 
• The CRS was the forward-facing model described in section 4.3.2.7. 
• The CRS occupant, where present, was a TNO P3 three-year-old ATD. 
• The adult passenger, where present, was a Hybrid III 50th percentile male ATD. 
• The CRS were installed in the aircraft seat in their corresponding reference positions 
(see section 4.2.4). 
The three-year-old ATD was selected as the worst-case CRS occupant in terms of promoting 
CRS motion and increasing loading on the aircraft seat. This infant size was chosen to enable 
the comparison of some of the results of this analysis with those of the CASA study[2, 6]. 
9.2 Effect of CRS installation method on CRS and seat-back motion 
9.2.1 Objective 
The objective of this work was to determine the relative effects of CRS installation method on 
the translational and rotational behaviour of an occupied CRS throughout the impact 
sequence.  
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9.2.2 Method 
Four experiments were carried out involving occupied CRS; three to measure CRS behaviour 
and effects on aircraft seat behaviour related to the use of the lap belt, ISOFIX and LATCH 
CRS installation methods and a fourth test to measure seat-back rotation behaviour for the 
case of an empty seat.  
Two reference points on the CRS body (see Figure 9-1 below) were used to describe its 
motion. The lower point was chosen as it gives a good indication of whether the CRS base is 
at risk of sliding off the seat base cushion. The upper point was chosen because physical test 
footage revealed that it is generally the first (and sometimes only) point of contact between 
the CRS and the seat-back during impact. 
 
Figure 9-1: CRS reference points 
The parameters measured for use in this analysis were: 
• Position of the CRS upper and lower reference points 
• Angular displacement of the CRS in the vertical longitudinal plane 
• Seat-back angular displacement, measured at free hinge 
Seat-back rotation was measured as a precursor to the study of aft occupant injury described 
in later sections. Infant head and neck injury parameters were also measured for later analysis. 
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9.2.3 Results and discussion 
9.2.3.1 CRS translation 
Each of the three installation methods resulted in distinct CRS translational behaviour. Figure 
9-2 below presents a comparison of the maximum forward translation of the CRS lower 
reference point for the lap belt, ISOFIX and LATCH cases. 
 
Figure 9-2: Effect of CRS installation method on CRS forward translation, measured at lower 
reference point. 
The greatest forward translation was observed in the lap belt case. By contrast, the LATCH 
case resulted in forward translation of approximately half of the value measured in the lap belt 
case. This difference is attributable to the more-favourable belt angle associated with the 
LATCH installation, approximately 50° above horizontal compared with the 72° belt angle 
associated with the lap belt installation. The effect of belt angle is also evident in Figure 9-3 
below, which illustrates the path prescribed by the CRS lower reference point for each of the 
three configurations. 
The small forward translation observed in the ISOFIX configuration was a result of the 
deformation of the lower anchorage bar and rotation of the CRS about the ISOFIX loops. 
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 Figure 9-3: Comparison of CRS translational motion associated with lap belt, ISOFIX and 
LATCH installation methods, measured at lower reference point. 
9.2.3.2 CRS rotation 
Rotation behaviour varied in each of the three CRS installation methods (see Figure 9-4 
below). The ISOFIX method effectively constrained the CRS to rotation about the ISOFIX 
loops, with very little vertical motion of the pivot point, resulting in the high level of forward 
rotation observed.  
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 Figure 9-4: Effect of installation method on maximum CRS forward rotation. 
The translation allowed by the lap belt left less of the CRS base in contact with the base 
cushion; the CRS was therefore less-supported in the vertical direction and more able to 
rotate forwards. This effect occurred to a much lesser extent in the LATCH case, with a 
corresponding lower level of forward rotation. 
9.2.3.3 CRS general motion 
Each of the three installation methods restrained the CRS sufficiently to keep it in place on 
the aircraft seat base cushion. The motion of the CRS upper reference point was used to 
assess the combined effect of CRS translation and rotation on seat-back motion. The 
displacement of this point in the forward direction is plotted in Figure 9-5 below. 
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 Figure 9-5: CRS upper reference point forward displacement 
Figure 9-5 illustrates three key points: 
1. The LATCH installation method was associated with a substantially smaller forward 
displacement of the upper aft edge of the CRS than the other two methods. 
2. The ISOFIX installation method did not result in significantly smaller displacement of 
the upper aft edge of the CRS than the lap belt method. 
3. The lap belt and LATCH methods both exhibited rebound motion to a greater extent 
than the ISOFIX method. 
The more-severe rebound effects associated with the lap belt and LATCH methods apparent 
in Figure 9-5 above is consistent with the findings of physical tests[2]. Restraining forces were 
applied to the CRS during deceleration through direct contact between the CRS and the 
aircraft seat base cushion and a force transmitted through the CRS installation hardware (i.e., 
the lap belt, the lower anchorage, and the LATCH belt-ISOFIX bar combination). The 
application of this restraining force led to: 
1. Compression of the seat base cushion. At the high compressive strain rates associated with 
this scenario, the foam comprising the cushion exhibits hysteretic behaviour. This 
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means that a significant amount of the CRS kinetic energy transferred to the seat base 
cushion is dissipated. 
2. Elongation of the webbing belt in the lap belt and LATCH cases. Webbing belts generally 
exhibit a degree of elasticity at low strain, meaning that CRS kinetic energy transferred 
to the belt will reappear as kinetic energy (and therefore CRS motion) once the peak 
forwards inertial force on the CRS has passed. 
3. Permanent deformation of the lower anchorage bar in the ISOFIX and LATCH cases. The 
permanent deformation seen in the lower anchorage bar after physical tests and 
numerical model simulations indicates that this component dissipates energy.  
4. Other small-scale deformation. Small-scale deformation occurs in the aircraft seat structure 
and sled deceleration system but is not significant to the overall motion of the CRS. 
In light of the above points, the better rebound behaviour observed in the ISOFIX case may 
be attributed to the degree of kinetic energy dissipation inherent to that installation method as 
a result of: 
1. The rigid connection to the lower anchorage bar, as opposed to the use of a webbing 
belt. 
2. The plastic deformation of the lower anchorage bar. 
3. The motion of the CRS inherent to this method which leads to greater compression 
of the seat base cushion. 
9.2.3.4 Seat-back motion  
Seat-back rotation was limited to within half of the range observed in the ‘empty seat’ case 
regardless of CRS installation method. High-speed footage of the physical tests and animation 
generated by the numerical model both indicated that the location of the CRS upper reference 
point was generally the first, and sometimes only, point of contact between the CRS and the 
seat-back. A comparison of time history plots of the forward displacement of this point (see 
Figure 9-5) and seat-back angular displacement measured at the free hinge (i.e. without energy 
absorber) (Figure 9-6) for each of the three installation methods indicates that these two 
parameters are closely linked: greater displacement of this point allows greater seat-back 
motion. 
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 Figure 9-6: Forward angular displacement of seat-back, measured at free hinge. 
In the LATCH case the seat-back initially rotated forward to within approximately 5° of the 
maximum value for the lap belt and ISOFIX cases. However, this was largely due to elastic 
deformation in the seat-back frame. The frame returned to its normal shape after initial 
contact with the CRS, resulting in a forward rotation of approximately 17°, 8° less than that 
observed in the lap belt and ISOFIX cases. 
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9.3 Effect of CRS installation method on infant injury 
9.3.1 Objective 
The objective of this analysis was to compare the relative effects of different CRS installation 
methods (lap belt, ISOFIX and LATCH) and the seat-back break-over action on infant 
kinematics and head and neck injury potential. 
9.3.2 Method 
The experiments described in the previous section were repeated using a ‘baseline’ 
configuration in which the numerical model of the aircraft seat was modified to prevent the 
break-over action of the seat-back. The infant head and neck injury parameters from both 
series of experiments were then analysed and compared in order to determine the relative 
effects of both the CRS installation method and seat-back interaction on CRS occupant injury 
parameters.  
9.3.3 Results and discussion 
9.3.3.1 Infant kinematics 
In every case tested, the combined CRS rotation and translation was sufficient to cause the 
lower part of the infant’s legs to make contact with the forward seat-back. Though generally 
minor in all cases, this was most pronounced in the lap belt CRS case (see Figure 9-7 below). 
 
Figure 9-7: Infant lower leg contact with forward seat, lap belt CRS 
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9.3.3.2 Infant head injury 
The LATCH method resulted in the minimum observed HIC15 scores for cases with and 
without seat-back break-over (see Figure 9-8). The maximum score was 494 observed in the 
lap belt case with no break-over. All values were below the allowable limit of 570 for a three-
year-old set out in FMVSS 208.  
 
Figure 9-8: Infant HIC15 results for lap belt, ISOFIX and LATCH CRS installation methods. 
9.3.3.3 Infant neck injury 
Figure 9-9 below presents infant neck injury parameter scores which were similar across all 
configurations. The critical neck injury mechanism in all cases was the tension-flexion 
combination. Neck injury parameter values are interpreted here in a comparative sense only in 
accordance with the level of agreement with physical test data evident in the validation 
process. 
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 Figure 9-9: Infant neck injury results for lap belt, ISOFIX and LATCH CRS installation 
methods 
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9.4 Effect of CRS and its installation method on aft passenger injury 
9.4.1 Objective 
The objective of this analysis was to compare the relative effects of the presence of an 
occupied CRS installed by the lap belt, ISOFIX and LATCH on the injury potential of an 
adult seated directly aft. 
9.4.2 Method 
Four experiments were carried out in total; in three, a 50th percentile Hybrid III numerical 
ATD was seated directly aft of a seat in which an occupied CRS was installed using either lap 
belt, ISOFIX or LATCH methods. In the fourth experiment, the forward seat was left empty. 
The CRS, where present, was occupied by a three-year-old ATD. 
The injury parameters measured in the adult occupant were head linear acceleration at the 
centre of gravity and neck axial force and fore-aft moment. Infant injury parameters were also 
measured for use in an analysis of the effect of the aft passenger on infant injury (see section 
9.8). 
9.4.3 Results and discussion 
9.4.3.1 Aft passenger head injury 
Each CRS installation method, as well as the configuration with an empty forward seat, 
resulted in aft passenger HIC15 scores significantly above the limit of 700 set out in FMVSS 
208 (see Figure 9-10 below).  
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 Figure 9-10: The effect of the presence of a CRS and its installation method on aft passenger 
HIC15 score. 
The LATCH method resulted in the highest HIC15 score with a value of 1779. Graphical 
model output revealed that in the LATCH case the CRS was positioned further aft at the time 
of aft passenger head impact than in the lap belt and ISOFIX cases. For this reason the tray 
table made contact with the CRS through the seat-back fabric during aft passenger head 
impact, resulting in contact force being transferred to the aft passenger head and a 
consequently higher HIC15 score for the LATCH case. 
The HIC15 scores were used in conjunction with the head injury risk curves discussed in 
section 3.4.1 to determine the effect of CRS installation method on the risk of severe-or-
greater brain injury or skull fracture for the aft passenger. The empty seat configuration was 
associated with an 18% risk of severe-or-greater brain injury (see Figure 9-11 below). The 
ISOFIX method resulted in the lowest head injury potential of the three CRS installation 
methods: for this case the HIC15 score of 1173 is associated with an approximately 7% 
increase in risk of severe or greater brain injury over the empty seat configuration; the 
LATCH method resulted in the greatest increase of approximately 62%. 
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 Figure 9-11: The effect of the presence of a CRS and its installation method on the risk of 
severe or greater brain injury (AIS ≥ 4) to aft passenger. 
The predictions of skull fracture risk closely mirrored those for brain injury; the only notable 
difference was in the LATCH case where the skull fracture risk of approximately 75% was 
slightly below the value of 80% predicted for brain injury.  
9.4.3.2 Aft passenger neck injury 
Neck injury criterion scores are presented in Figure 9-12 below. The critical neck injury 
mechanism in each case was the tension-extension combination. The peak Nij score invariably 
occurred just prior to head impact; upper neck moment generally became insignificant after 
impact, while axial force turned from tensile to compressive. Interestingly, the presence of a 
CRS installed by any of the three methods tested served to reduce neck injury potential; this 
reduction was greatest in the LATCH case and least in the lap belt case. This follows a trend 
identified in the CASA study[2]. Neck injury parameter values are interpreted here in a 
comparative sense only in accordance with the level of agreement with physical test data 
evident in the validation process. 
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 Figure 9-12: The effect of the presence of a CRS and its installation method on aft passenger 
neck injury potential. 
A step was observed in the neck moment signal at 80 ms in numerical model results, an effect 
also present in physical test results. Model graphical output and physical test footage revealed 
that this effect was caused by the impact of the ATD’s elbows with the forward armrests, as 
shown below in Figure 9-13.  
 
Figure 9-13: Aft passenger elbow impact with forward armrest, t = 80 ms, CASA footage. 
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This elbow-to-armrest contact occurred for all CRS installation methods in both the 
numerical model and physical tests. This contact caused the ATD upper torso to be partially 
constrained in forward rotation prior to head impact. The effect of this on upper neck 
moment is evident in Figure 9-14 below which compares the cases of an empty forward seat, 
an empty forward seat armrests removed and the standard configuration with a CRS installed 
using ISOFIX.  
 
Figure 9-14: Effect of elbow-to-armrest contact on neck upper moment 
A comparison of these signals suggests that the peak in upper neck moment at approximately 
90 ms was due solely to the elbow-to-armrest contact; the presence of a CRS serves to reduce 
the magnitude of this peak, resulting in the observed decrease in neck injury potential. 
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9.5 Effect of empty CRS on aft passenger injury 
9.5.1 Objective 
The objective of this work was to analyse a scenario where an empty CRS may cause reduced 
seat back motion and therefore increased aft passenger injury. The mass of the infant ATD 
used in the foregoing analysis of aft passenger injury was close to the CRS maximum 
allowable occupant mass of 18 kg. During deceleration the CRS occupant exerts a force on 
the CRS in the forward direction, acting to ‘pull’ the CRS away from the rotating seat-back.  
9.5.2 Method 
Three experiments were conducted in which a 50th percentile male ATD was seated directly 
aft of a seat containing an unoccupied CRS installed using the lap belt, ISOFIX and LATCH 
methods. Adult head and neck injury parameters were measured and compared with the 
results of the analysis detailed in the previous section. 
9.5.3 Results and discussion 
9.5.3.1 Aft passenger head injury 
The absence of the CRS occupant produced a significant effect in all cases, leading to either 
increased or decreased aft passenger head injury depending on CRS installation method (see 
Figure 9-16 below). In each case this was a result of reduced seat-back rotation caused by 
subdued CRS motion. The lap belt case is presented as an example in Figure 9-15 below, 
where the seat-back angular displacement measured in this analysis is plotted alongside data 
from the corresponding experiment in section 9.2 with the CRS occupied by a three-year-old. 
In this case seat-back rotational displacement was approximately 5° less at the time of aft 
passenger impact on account of the CRS being empty. 
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 Figure 9-15: Effect of the absence of the CRS occupant on seat-back rotation, lap belt method. 
In the lap belt case the reduced seat-back rotation caused the aft passenger’s head to impact 
the rigid structure at the top of the tray table, resulting in an extremely high HIC15 score of 
3548. This effect occurred to a lesser extent in the LATCH case where a moderate increase in 
HIC15 was observed. The ISOFIX case, however, resulted in a modest reduction in HIC15. 
The reduced motion of the CRS and seat-back in this case was beneficial; the seat-back was 
still rotating forward at the time of impact and the angular displacement at this time was such 
that the aft passenger’s head impacted the relatively compliant centre of the tray table.  
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 Figure 9-16: Effect of the absence of the CRS occupant on aft passenger HIC15 score 
The presence of an empty CRS installed using the lap belt and LATCH methods increased the 
aft passenger’s risk of severe-or-greater brain injury from 25% and 80% respectively to greater 
than 99%. In the ISOFIX method this risk was reduced from 25% to approximately 15%. 
9.5.3.2 Aft passenger neck injury 
Figure 9-17 below illustrated the minor influence of the absence of the CRS occupant on aft 
passenger neck injury potential. The greatest effect as observed in the LATCH case where the 
neck injury criterion value was reduced by approximately 10%. Neck injury parameter values 
are interpreted here in a comparative sense only in accordance with the level of agreement 
with physical test data evident in the validation process. 
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 Figure 9-17: Effect of the absence of the CRS occupant on aft passenger neck injury 
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9.6 Effect of seat pitch on aft passenger injury 
9.6.1 Objective 
The objective of this analysis was to investigate the effect of seat pitch on aft passenger head 
and neck injury potential for configurations involving occupied CRS installed using the 
aircraft lap belt, ISOFIX, and LATCH. 
9.6.2 Method 
A 50th percentile male ATD was seated directly aft of a seat in which a CRS was installed by 
the lap belt, ISOFIX or LATCH methods at varying seat pitch. Twenty-four experiments 
were conducted, considering each of the three CRS installation methods at eight seat pitches 
in the range of 28 to 34 inches (0.762 – 0.864 m) in one inch (0.0254 m) increments. The CRS 
was occupied by a three-year-old ATD. Aft passenger head and neck injury parameters were 
measured. 
9.6.3 Results and discussion 
9.6.3.1 Aft passenger head injury 
Figure 9-18 below illustrates the variation in head injury potential with seat pitch. In each 
configuration the aft passenger’s head contacted the forward seat-back, resulting in a HIC15 
value greater than the critical value of 700 defined in FMVSS 208. The minimum HIC15 
observed across all configurations was 1173 in the ISOFIX case at a pitch of 30 inches. The 
lowest value observed in the lap belt case was 1386 at the same pitch. The LATCH case 
recorded a minimum of 1228 at a pitch of 34 inches; however, this result is due to an 
anomaly: during head impact, the tray table deformed to the extent that it was no longer 
supported by the seat-back frame on one side. The next lowest score in the LATCH case was 
1597 at a pitch of 29 inches. 
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 Figure 9-18: Effect of seat pitch on aft passenger head injury potential. 
The animations produced by the numerical model were useful in determining the reason for 
the minimum HIC15 score occurring at 29 or 30 inches in each of the three installation 
methods: at smaller seat pitches, the adult’s head impacted the forward seat at the top of the 
tray table, which is supported behind by the stiff carbon composite seat-back frame. At 
greater seat pitches, the head impacts at the more-compliant centre of the tray table; however, 
as the pitch increases, so does the relative velocity between the head and tray table at the time 
of impact. 
9.6.3.2 Aft passenger neck injury 
Aft passenger neck injury values, presented in Figure 9-19 below, were less than the ‘no CRS’ 
value measured in section 9.4 (i.e. no CRS present) for all seat pitches and all CRS installation 
methods except the 28” ISOFIX case where this value was slightly exceeded. For all 
installation methods neck injury criterion values generally decreased with increased seat pitch. 
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 Figure 9-19: Effect of seat pitch on aft passenger neck injury 
As the seat pitch increased, the head contacted the forward seat-back later in the impact 
sequence when the upper body had rotated further forward. This resulted in a progressive 
decrease in the upper body inertia acting to load the neck in flexion and therefore reduced Nij 
values. 
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9.7 Effect of top tether on CRS motion and infant injury 
9.7.1 Objective 
The objective of this analysis was to determine whether the use of a top tether is effective in 
reducing both CRS motion and infant injury potential. 
9.7.2 Method 
Two series of three experiments were conducted; both series considered the lap belt, ISOFIX 
and LATCH CRS installation methods. In the first series no modification was made to the 
aircraft seat in which the CRS was installed; i.e., seat-back break-over behaviour was 
controlled by the energy absorber described in section 4.3.2.3. In the second series the aft 
seat-back was prevented from breaking over to determine whether such a modification is able 
to increase top tether efficacy as suggested by Bathie[6]. The top tether routing employed was 
representative of a typical installation used in practice by airlines (see Figure 9-20 below). 
 
Figure 9-20: Model representation of a typical top tether installation. 
The top tether was modelled using finite element belts 30 mm wide with the same material 
properties as the aircraft seat lap belt. A pre-simulation was used to load the top tether to a 
tension of 10 N. 
 116 
In each of the experiments the CRS was occupied by a three-year-old ATD. The results of 
this analysis were compared with those of sections 9.2 and 9.3. The parameters measured 
were: 
• Position of the CRS lower reference point 
• Angular displacement of the CRS  
• Infant head acceleration 
• Infant neck axial force and fore-aft moment 
9.7.3 Results and discussion 
9.7.3.1 CRS motion 
In all experiments the lower part of the infant’s legs made minor contact with the forward 
seat-back; this was also the case in experiments where no top tether was used. 
The implementation of a top tether was found to very slightly reduce the forward translation 
of the CRS lower reference point (see Figure 9-21 below). A small further decrease in 
translation resulted from preventing the seat-back from breaking over. 
 
Figure 9-21: Effect of top tether on maximum forward translation of CRS lower reference point 
The effect of preventing the seat-back from breaking over was partially negated by the 
flexibility of the seat-back frame; some elastic deformation of this component occurred due to 
tension in the top tether.  
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The implementation of a top tether resulted in a small decrease in CRS forward rotation in the 
lap belt and ISOFIX cases (see Figure 9-22 below). In the LATCH case, however, the path of 
the top tether over the seat-back head cushion led to increased CRS rotation. This behaviour 
was an effect of the lower position of the CRS in the LATCH case; the routing of the top 
tether over the seat-back head cushion meant that tension in the top tether acted to pull the 
CRS forward. 
 
Figure 9-22: Effect of top tether on maximum forward rotation of CRS 
The effect of preventing seat-back break-over on CRS rotation was minor, with reductions of 
two to three degrees observed in the lap belt and ISOFIX cases. In the LATCH case, CRS 
rotation was reduced but still slightly greater than the result where no top tether was used. 
9.7.3.2 Infant injury  
Infant head injury results are presented in Figure 9-23 below. For the lap belt and ISOFIX 
cases, where the top tether served to slightly reduce CRS motion, infant head injury was 
increased. The increase was slight for cases where the seat-back was able to break over and 
the tether was largely ineffective. However, for the cases where seat-back break-over was 
prevented, HIC15 scores for the lap belt and ISOFIX cases increased by 30% and 17% 
respectively. For the LATCH case the top tether served to slightly increase CRS rotation, 
leading to a corresponding decrease in head injury potential. 
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 Figure 9-23: Effect of top tether on infant head injury 
The effect of top tether use on infant neck injury criterion was minimal except in the lap belt 
case with no seat-back break-over where it resulted in a 16% increase (see Figure 9-24 below). 
This is attributed to the decreased CRS forward rotation observed in this case. Neck injury 
parameter values are interpreted here in a comparative sense only in accordance with the level 
of agreement with physical test data evident in the validation process. 
 
Figure 9-24: Effect of top tether on infant neck injury 
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9.8 Effect of aft passenger on infant injury 
9.8.1 Objective 
The objective of this analysis was to determine the degree to which the presence of an adult 
seated directly aft of a CRS might affect the safety of the CRS occupant. 
9.8.2 Method 
The results of the analyses described in sections 9.3 and 9.4 were compared to determine the 
effect of a passenger seated aft of a CRS on the head and neck injury potential of the CRS 
occupant. 
9.8.3 Results and discussion 
For all three CRS installation methods, the presence of an aft passenger had the effect of 
decreasing infant head injury (see Figure 9-25 below). This effect was most apparent in the lap 
belt case with a reduction in HIC15 of approximately 16%.  
 
Figure 9-25: Effect of aft passenger on infant head injury 
Similarly, infant neck injury was decreased in each case by the presence of an aft passenger 
(see Figure 9-26 below). The greatest decrease was observed in the LATCH case where the 
neck injury criterion value was reduced by 17%. Neck injury parameter values are interpreted 
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here in a comparative sense only in accordance with the level of agreement with physical test 
data evident in the validation process. 
 
Figure 9-26: Effect of aft passenger on infant neck injury 
Contact between the aft passenger and the forward seat-back caused the seat-back to exert a 
force on the CRS, in turn causing greater forward rotation of the CRS than would otherwise 
have occurred. The result was a more gradual deceleration of the infant’s head, particularly 
during the aft passenger head impact occurring at approximately 90 – 100 ms. This effect is 
evident in Figure 9-27 below. 
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 Figure 9-27: Effect of aft passenger on infant head acceleration, lap belt CRS installation 
method. 
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9.9 Conclusion 
Several series of experiments were conducted to examine the safety-related effects of a variety 
of seating configuration parameters involving CRS. Three CRS installation methods were 
considered: the traditional aircraft seat lap belt and the novel ISOFIX and LATCH methods. 
Infant head injury potential remained within the limit prescribed by automotive occupant 
protection standards[56] regardless of CRS installation method when the CRS was installed in 
an aircraft seat with normal break-over function. Infant neck injury potential was not 
significantly affected by CRS installation method. The impact of an adult seated aft of a CRS 
was found to slightly reduce head and neck injury potential for the CRS occupant. 
The novel installation methods were found to significantly reduce CRS forward translation 
compared with the lap belt; the LATCH method reduced CRS translation by approximately 
50% and the ISOFIX method reduced translation by over 90%. Despite this, the combination 
of CRS motion and infant flailing resulted in contact between the forward seat and the 
infant’s legs in every case tested. 
While the ISOFIX method was highly effective in reducing CRS translation, it was found to 
promote CRS rotation. Compared with the lap belt method, the ISOFIX method resulted in 
an approximately 50% increase in rotation; LATCH, meanwhile, resulted in a 50% decrease. 
The increased rotation observed in the ISOFIX case, however, was a significant factor in that 
method’s enhanced rebound performance. Rather than energy being stored in a webbing strap 
as in the other two methods, the ISOFIX method results in energy being dissipated by the 
rate-sensitive foam of the aircraft seat base cushion. 
As has been found previously[3, 6], the use of a top tether in the installation of a CRS in an 
unmodified aircraft seat does not significantly affect CRS motion or infant head or neck injury 
potential. A recommendation from  prior studies[3, 6] that the efficacy of the top tether may 
be increased by preventing the seat-back from rotating forward was tested. This modification 
was found by the present study to promote infant head and neck injury due to slightly 
diminished CRS motion. 
Prior studies have raised the concern that CRS installed by novel methods may negatively 
interact with the break-over action of the aircraft seat-back, potentially increasing injury to the 
infant CRS occupant[10] and an adult seated directly aft[2]. This study found that CRS 
installation method and CRS occupant size both influenced seat-back break-over behaviour. 
When occupied by a three-year-old, CRS installed using the aircraft seat lap belt and ISOFIX 
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constrained the forward rotation of the seat-back to approximately half of its maximum 
potential value. The LATCH CRS further constrained seat-back rotation, restricting angular 
displacement to approximately 35% of its maximum potential value. While this interaction 
between the CRS and the seat-back was found to have an insignificant effect on infant head 
and neck injury potential, it was implicated in the increased head injury potential observed in 
an adult seated directly aft.  
With the forward seat entirely unoccupied the risk of life-threatening brain injury to the aft 
passenger was found to be approximately 18%. This risk varied according to CRS installation 
method and occupant size. With the CRS occupied by a three-year-old ATD, the smallest risk 
was observed in the ISOFIX case at 25%, next greatest was the lap belt case at 40%; the 
LATCH method resulted in the most significant risk at 80%. 
Compared to configurations where the CRS was occupied by a three-year-old ATD, the 
absence of an occupant in CRS installed using the lap belt and LATCH methods was found to 
significantly increase head injury potential for an adult seated aft. The risk of life-threatening 
brain injury in these configurations rose to greater than 99%. Conversely, an unoccupied CRS 
installed using ISOFIX resulted in a moderate reduction in risk from 25% to 15%. 
Bathie[2] identified a phenomenon whereby the presence of a CRS in the forward seat serves 
to reduce neck injury potential for the aft-seated adult. The present study found that the 
abovementioned cause of increased head injury potential the adult acted to mitigate neck 
injury potential in that occupant regardless of CRS installation method or the presence of a 
CRS occupant. The bending moment in the aft passenger’s neck was found to rapidly increase 
prior to head impact due to the passenger’s elbows making contact with the forward armrests. 
The earlier occurrence of head contact resulting from the presence of a CRS in the forward 
seat effectively prevented the neck bending moment from reaching its potential maximum. 
Seat pitch was found to influence the head and neck injury potential of a passenger seated aft 
of a CRS. For all three CRS installation methods, head injury potential was generally 
minimised at seat pitches of 29 to 30 inches; neck injury potential generally decreased slightly 
with increasing seat pitch. 
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10 Conclusions 
This study represents the first detailed evaluation and comparison of injury potential across a 
variety of air transport seating configurations involving infants. A numerical model of a typical 
air transport seating arrangement was developed and validated against data from physical 
experiments. The validation process revealed that important output parameters such as head 
acceleration were generally in good agreement with physical test data while others, such as 
neck axial force, were not. Hence, the model was treated as ‘partially validated’. This model 
was used to develop answers to a series of research questions that arose from a review of 
Australian and international transport safety regulations, air transport accident reports and 
past studies relevant to the safety of infant air transport passengers. The conclusions of each 
of the individual analyses carried out by this study are summarised below as responses to 
those research questions.  
10.1 The safety of the lap-held infant 
The first phase of this research project considered the broad question, ‘what are the safety 
risks for the lap-held infant?’ This was answered in three parts: 
i. How is the risk of injury for the lap-held infant affected by the use or non-use of a 
supplementary loop belt? 
The lap-held seating configuration does not represent a means of protecting an infant from 
injury in an emergency landing scenario regardless of restraint condition. This confirms the 
findings of several prior studies[2-5, 7]. An unrestrained lap-held infant is likely to be 
projected through the aircraft cabin during the impact sequence, an outcome that has been 
observed in past experimental investigations[5] and actual aircraft accidents[20, 22]. An infant 
restrained by a supplementary loop belt is at significant risk of serious abdominal injuries such 
as perforation and laceration of the small bowel and large bowel injuries resulting in gross 
faecal contamination of the peritoneal cavity and significant blood loss into the same site. 
ii. What are the characteristics of the forces acting on the head of the lap-held infant? 
During the impact sequence the infant’s body, particularly the head, becomes compressed 
between the forward seat and the adult’s body irrespective of restraint condition. No prior 
study has analysed the forces acting on the infant head in this scenario. Due to the 
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compressive force the head injury criterion, when evaluated in the traditional way, is likely to 
under-predict injury potential for the lap-held infant.  
The compressive force acting on the head of the lap-held infant has been characterised to 
enable a future detailed prediction of injury risk using a paediatric head finite element model. 
A force-based evaluation of the head injury criterion resulted in values an order of magnitude 
greater than those specified in automotive safety standards. 
iii. Are the recommended emergency brace positions involving lap-held infants 
effective in preventing injury to the infant? 
This study presents the first evaluation of the efficacy of emergency brace positions involving 
lap-held infants. While emergency brace positions are generally effective in reducing the 
magnitude of the load applied to the lap-held infant’s body, the infant remains at risk of 
injury. A modified brace position in which the infant is forward-facing and the occupants’ 
heads are laterally offset results a better outcome in terms of infant head injury potential than 
other recommended lap-held brace positions. In cases where the infant is unrestrained, a 
rearward-facing brace position does not have any clear benefits compared with a forward-
facing brace position. The rearward-facing position produces a small-to-moderate reduction in 
head injury potential but strongly promotes neck injury potential. 
10.2 The safety of automotive child restraints in air transport 
The second phase of this study considered the question, “What are the safety risks associated 
with the use of automotive child restraints in air transport, particularly those installed by novel 
methods?” This work represents the first parametric analysis of the performance of 
automotive CRS in aircraft.  The work was undertaken in three parts: 
i. How do novel CRS installation methods affect the dynamic performance of the CRS 
and what is the corresponding effect on injury potential for the infant? 
Three different CRS installation methods were studied: the traditional method utilising the 
aircraft seat lap belt as well the novel ISOFIX and LATCH methods. Compared with the lap 
belt method, the novel ISOFIX and LATCH methods do not significantly affect head or neck 
injury potential for the infant. The forward translation of the CRS is significantly improved by 
novel installation methods; the LATCH method reduces forward translation by approximately 
50% on account of the more-favourable belt path associated with this method, while the 
ISOFIX method reduces forward translation by approximately 90% on due to the rigid 
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connection between the CRS and seat structure. The rebound motion of a CRS installed using 
ISOFIX is significantly better-controlled than that of a CRS installed by either the lap belt or 
LATCH. 
ii. How do novel CRS installation methods alter the behaviour of the aircraft seat and 
what is the corresponding effect on the safety of an adult seated directly aft? 
When occupied by a large infant such as the three-year-old considered by this study, the 
presence of a CRS significantly affected the break-over behaviour of the aircraft seat 
regardless of installation method. When installed using the lap belt and ISOFIX, CRS 
constrain the forward rotation of the seat-back to approximately half of its maximum 
potential value. The LATCH method further constrains seat-back rotation, restricting angular 
displacement to approximately 35% of its maximum potential value. 
In general, the presence of a CRS in the seat directly forward of an adult passenger results in 
increased head injury potential for the adult regardless of installation method. The ISOFIX 
installation method presents the least risk of the three methods considered. Compared with a 
vacant forward seat, the presence of a CRS installed using ISOFIX and occupied by a large 
(three-year-old) infant results in a 7% increase in the risk of life-threatening brain injury; 
where the CRS is unoccupied, the risk is reduced by 3%. 
The lap belt and LATCH CRS installation methods most greatly promote head injury 
potential for an adult passenger seated aft. Compared with a vacant forward seat, CRS 
occupied by a large infant and installed by the lap belt or LATCH methods increase the risk of 
life-threatening brain injury to the adult by 22% and 62%, respectively. For these methods the 
risk of injury increases significantly when the CRS is unoccupied, exceeding 99% in both 
cases. 
Bathie[2] identified a trend indicating that the presence of a CRS in the forward seat has a 
positive effect on the neck injury potential of an adult seated aft. This study produced further 
evidence of this effect and found that it occurs regardless of whether the CRS is occupied. 
Seat pitch influences the head and neck injury potential of a passenger seated aft of a CRS. 
For all three CRS installation methods, head injury potential is generally minimised at seat 
pitches of 29 to 30 inches; neck injury potential generally decreases slightly with increasing 
seat pitch. 
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iii. Are current practices of top tether use effective in controlling CRS motion and 
what is the corresponding effect on infant injury potential? 
This study supports the results of previous work[3, 6] showing that the top tether in CRS 
installation does not provide any benefit in terms of CRS motion or injury risk for the CRS 
occupant. The prevention of seat-back break-over does not improve the efficacy of the top 
tether; in fact, this serves to promote infant head and neck injury. 
10.3 Limitations and future studies 
While this study adds useful information to the body of knowledge on the safety of infant 
restraint systems in air transport, it has been developed and conducted within the bounds of 
several limitations.  
The principal limitation was that the numerical model used to carry out experimental work 
was validated against a limited set of data from physical experiments which were not carried 
out with future modelling in mind. The physical experiments used as a basis for the model 
encompassed multiple occupant configurations; however, each configuration was tested only 
once and for one load case. The variability of the results of the physical experiments was 
therefore unable to be evaluated. This meant that during the validation phase, model output 
was compared with a single curve or data point rather than with an envelope or spectrum of 
possible results. Judgement was therefore required to determine whether or not a parameter 
matched closely enough with reality for use in in jury prediction. Future studies should 
evaluate the variability of tests of this nature to enable this effect to be accounted for in the 
interpretation of results and thereby allow stronger conclusions to be drawn. 
This study considered multiple occupant configurations and restraint methods; however, only 
one CRS model was tested and in only one orientation. This limitation had minimal effect on 
the conclusions of the present study because the CRS model tested is typical of its category 
and the forward-facing orientation tested was identified as a worst-case. However, future 
studies should identify the relationship between CRS geometry, centre of gravity location and 
belt path or anchor location in terms of CRS kinematics in an air transport environment. Such 
information is potentially useful in setting design approval parameters on CRS for use in this 
environment. 
The numerical models of anthropomorphic test devices (ATDs) used to assess occupant 
kinematics are essentially twice-removed from the human beings they represent. The 
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requirement that ATDs accurately represent the biomechanical response of the live human is 
outweighed by the requirements of repeatability and reusability[42]. While there is there is 
generally a paucity of biomechanical tolerance data for infants[70], work has been done 
towards defining a relationship between the impact response of the human infant head and 
that of ATDs[47, 110]. Future numerical studies should implement infant-sized numerical 
ATD models with head contact characteristics which have been modified for increased 
biofidelity. This approach would potentially allow head injury risk to be evaluated for the 
infant as it was in this study for the adult. 
10.4 Summary and recommendations 
In a severe but survivable accident an infant seated on the lap of an adult, whether 
unrestrained or restrained by a supplementary loop belt, may receive an impact to the head 
resulting in a head injury criterion value an order of magnitude greater than that allowable 
under automotive safety standards. Based on this finding the carriage of infants on the lap 
should be prohibited. Until this is the case, advice on emergency brace positions involving 
lap-held infants should be revised to include a lateral offset between the head of the infant 
and that of the adult. 
The use of an automotive child restraint reduces infant head injury potential to within the 
limit prescribed by US motor vehicle occupant protection standards and prevents the infant 
from substantial contact with the forward seat. Automotive child restraints therefore 
represent a means of restraining infant air transport passengers that is substantially safer than 
the lap-held configuration. Based on this finding the use of automotive child restraints to 
restrain infant passengers should be mandated. Furthermore, the use of a top tether in CRS 
installation is ineffective in mitigating infant injury and any requirement for its use in aircraft 
CRS installations should be removed. 
The three CRS installation methods considered by the present study were each found to 
significantly affect the break-over function of the aircraft seat, a feature which is intended to 
mitigate head injury. Two of the methods, the lap belt and LATCH, were found to 
significantly promote head injury to an adult seated directly aft. The third method, ISOFIX, 
slightly promoted head injury to the aft occupant when the CRS was occupied and slightly 
mitigated injury when it was unoccupied. Based on this finding, CRS should be installed in 
outboard seats directly forward of a bulkhead, unoccupied space or another CRS. A typical 
airline seat configuration in a narrow-body aircraft with approximately fifteen rows of 
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economy class seating aft of the over-wing exits could thus accommodate up to thirty infants 
in CRS without an adult being seated behind a CRS or a seat being left vacant. 
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Appendix A: Foam material characteristics 
Three foam materials were present in the model, designated AF60, LD24, and LRGR45. 
Presented below are the MADYMO input cards used to define these materials and their 
loading characteristic curves. In each material model, a rate-depended stress scaling[93] was 
applied according to the function “func_foam_rate”. The unloading function was identical to 
the loading function and was scaled by a factor of 0.001 using FUNC_USAGE.2D. 
<FUNCTION.XY 
      NAME="func_foam_rate" 
      ID="927" 
      > 
      <TABLE 
         TYPE="XY_PAIR" 
         > 
<![CDATA[|XI YI| 
-60.0 1.0 
0.0 1.0 
60.0 1.0]]> 
      </TABLE> 
</FUNCTION.XY> 
 
AF60 material model 
<MATERIAL.FOAM 
NAME="mat_AF60" 
DAMP_COEF="2E-9" 
MU="1" 
ID="970" 
DENSITY="60" 
CHAR="/char_AF60" 
DATA_TYPE="NOMINAL" 
> 
<RATE.FUNC 
RATE_SCALE_FUNC="/func_foam_rate" 
FREQUENCY_CUT_OFF="1000" 
/> 
</MATERIAL.FOAM> 
<CHARACTERISTIC.MATERIAL 
      NAME="char_AF60" 
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      ID="17" 
      LOAD_FUNC="/func_AF60_load" 
      UNLOAD_FUNC="/func_AF60_unload" 
      ELAS_LIMIT="0.0" 
      HYS_SLOPE="1.6E9" 
      HYS_MODEL="2" 
      > 
      <FUNC_USAGE.2D 
         INTERPOLATION="LINEAR" 
         FUNC="/func_AF60_load" 
      /> 
      <FUNC_USAGE.2D 
         INTERPOLATION="LINEAR" 
         FUNC="/func_AF60_unload" 
         Y_SCALE="0.001" 
      /> 
</CHARACTERISTIC.MATERIAL> 
<FUNCTION.XY 
      NAME="func_AF60_load" 
      DESCRIPTION="Quasi-static data" 
      ID="946" 
      > 
      <TABLE 
         TYPE="XY_PAIR" 
         > 
<![CDATA[|XI YI| 
-0.89   -2.00+E07 
-0.88   -5.00E+06 
-0.87   -1.00E+06 
-0.857141714 -1.78E+05 
-0.855157238 -1.52E+05 
-0.853173238 -1.36E+05 
-0.851188762 -1.33E+05 
-0.849204857 -1.28E+05 
-0.847220857 -1.22E+05 
-0.845237524 -1.16E+05 
-0.843252952 -1.11E+05 
-0.841269714 -1.07E+05 
-0.839284571 -1.03E+05 
-0.837300667 -9.87E+04 
-0.835316667 -9.50E+04 
-0.833332762 -9.15E+04 
-0.831348286 -8.83E+04 
-0.829363714 -8.52E+04 
-0.827379143 -8.23E+04 
-0.825395905 -7.96E+04 
-0.823411429 -7.71E+04 
-0.821428  -7.46E+04 
-0.819444095 -7.23E+04 
-0.817458952 -7.02E+04 
-0.815475048 -6.81E+04 
-0.813491143 -6.62E+04 
-0.81150781  -6.43E+04 
-0.809523238 -6.25E+04 
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-0.807538762 -6.08E+04 
-0.805554857 -5.92E+04 
-0.80357019  -5.77E+04 
-0.801586286 -5.62E+04 
-0.799602952 -5.48E+04 
-0.797618571 -5.35E+04 
-0.795635143 -5.22E+04 
-0.793650571 -5.09E+04 
-0.791666095 -4.97E+04 
-0.78968219  -4.86E+04 
-0.787697048 -4.75E+04 
-0.785713714 -4.65E+04 
-0.78372981  -4.54E+04 
-0.781744667 -4.45E+04 
-0.779760762 -4.35E+04 
-0.777776857 -4.26E+04 
-0.775792952 -4.18E+04 
-0.773808952 -4.09E+04 
-0.771824952 -4.01E+04 
-0.769840571 -3.94E+04 
-0.767856571 -3.86E+04 
-0.765872667 -3.79E+04 
-0.763888667 -3.72E+04 
-0.76190419  -3.65E+04 
-0.759920286 -3.58E+04 
-0.757935714 -3.52E+04 
-0.75595181  -3.46E+04 
-0.753967905 -3.40E+04 
-0.751984571 -3.34E+04 
-0.750000667 -3.29E+04 
-0.748015524 -3.23E+04 
-0.746030952 -3.18E+04 
-0.744047048 -3.13E+04 
-0.742062476 -3.08E+04 
-0.740078571 -3.03E+04 
-0.738094095 -2.99E+04 
-0.736110762 -2.94E+04 
-0.73412619  -2.90E+04 
-0.732141714 -2.85E+04 
-0.730157714 -2.81E+04 
-0.72817381  -2.77E+04 
-0.726189905 -2.73E+04 
-0.724206  -2.70E+04 
-0.722221429 -2.66E+04 
-0.720238095 -2.62E+04 
-0.718253619 -2.59E+04 
-0.716269619 -2.55E+04 
-0.714285714 -2.52E+04 
-0.712301143 -2.49E+04 
-0.710316667 -2.46E+04 
-0.708332762 -2.43E+04 
-0.706349429 -2.40E+04 
-0.704366095 -2.37E+04 
-0.702380952 -2.34E+04 
-0.700396476 -2.31E+04 
-0.698412476 -2.28E+04 
-0.696427429 -2.26E+04 
-0.694443429 -2.23E+04 
-0.692459619 -2.20E+04 
-0.69047619  -2.18E+04 
-0.688491143 -2.16E+04 
-0.686506  -2.13E+04 
-0.684522667 -2.11E+04 
-0.682538762 -2.09E+04 
-0.680554762 -2.06E+04 
-0.678571429 -2.04E+04 
-0.676586952 -2.02E+04 
-0.674603048 -2.00E+04 
-0.672617905 -1.98E+04 
-0.670634571 -1.96E+04 
-0.668650667 -1.94E+04 
-0.666666667 -1.92E+04 
-0.66468219  -1.90E+04 
-0.662697619 -1.88E+04 
-0.660713714 -1.87E+04 
-0.658730381 -1.85E+04 
-0.656746476 -1.83E+04 
-0.654761905 -1.82E+04 
-0.652777429 -1.80E+04 
-0.650792857 -1.78E+04 
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-0.648808952 -1.77E+04 
-0.646824381 -1.75E+04 
-0.644841048 -1.74E+04 
-0.642856  -1.72E+04 
-0.640872  -1.71E+04 
-0.638888095 -1.69E+04 
-0.636903524 -1.68E+04 
-0.634919714 -1.67E+04 
-0.632936286 -1.65E+04 
-0.630952381 -1.64E+04 
-0.628967905 -1.63E+04 
-0.626983429 -1.61E+04 
-0.624998857 -1.60E+04 
-0.623014857 -1.59E+04 
-0.621030952 -1.57E+04 
-0.619047619 -1.56E+04 
-0.617063143 -1.55E+04 
-0.615079143 -1.54E+04 
-0.613095238 -1.53E+04 
-0.611110762 -1.52E+04 
-0.609127333 -1.51E+04 
-0.607142286 -1.49E+04 
-0.605158286 -1.48E+04 
-0.60317381  -1.47E+04 
-0.601189333 -1.46E+04 
-0.599206  -1.45E+04 
-0.597221429 -1.44E+04 
-0.595237524 -1.43E+04 
-0.593253619 -1.42E+04 
-0.591269048 -1.41E+04 
-0.589285143 -1.40E+04 
-0.587300571 -1.39E+04 
-0.585317333 -1.39E+04 
-0.583333333 -1.38E+04 
-0.58134819  -1.37E+04 
-0.579364286 -1.36E+04 
-0.577380381 -1.35E+04 
-0.57539581  -1.34E+04 
-0.573411905 -1.33E+04 
-0.571428  -1.32E+04 
-0.569444667 -1.32E+04 
-0.567460095 -1.31E+04 
-0.56547619  -1.30E+04 
-0.563492286 -1.29E+04 
-0.561508381 -1.28E+04 
-0.55952381  -1.28E+04 
-0.557538667 -1.27E+04 
-0.555555333 -1.26E+04 
-0.553571429 -1.25E+04 
-0.551586286 -1.25E+04 
-0.549602381 -1.24E+04 
-0.547618381 -1.23E+04 
-0.545633905 -1.23E+04 
-0.54365  -1.22E+04 
-0.541666095 -1.21E+04 
-0.539682095 -1.20E+04 
-0.53769819  -1.20E+04 
-0.535714286 -1.19E+04 
-0.53372981  -1.19E+04 
-0.53174581  -1.18E+04 
-0.529761333 -1.17E+04 
-0.527777333 -1.17E+04 
-0.525792857 -1.16E+04 
-0.523809524 -1.15E+04 
-0.521825048 -1.15E+04 
-0.519841048 -1.14E+04 
-0.517857143 -1.14E+04 
-0.515872571 -1.13E+04 
-0.513889333 -1.12E+04 
-0.51190419  -1.12E+04 
-0.509920857 -1.11E+04 
-0.507936286 -1.11E+04 
-0.50595181  -1.10E+04 
-0.503967905 -1.10E+04 
-0.501983905 -1.09E+04 
-0.499998762 -1.09E+04 
-0.498014857 -1.08E+04 
-0.496030952 -1.07E+04 
-0.494047048 -1.07E+04 
-0.492063143 -1.06E+04 
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-0.490079143 -1.06E+04 
-0.488095238 -1.05E+04 
-0.486110667 -1.05E+04 
-0.48412619  -1.04E+04 
-0.482141619 -1.04E+04 
-0.480158381 -1.03E+04 
-0.478174381 -1.03E+04 
-0.476189905 -1.02E+04 
-0.474205905 -1.02E+04 
-0.472222667 -1.01E+04 
-0.470238095 -1.01E+04 
-0.468253619 -1.00E+04 
-0.466270286 -1.00E+04 
-0.464285714 -9.95E+03 
-0.46230181  -9.91E+03 
-0.460316667 -9.87E+03 
-0.458332095 -9.82E+03 
-0.456348286 -9.78E+03 
-0.454364286 -9.74E+03 
-0.45237981  -9.69E+03 
-0.45039581  -9.65E+03 
-0.448411905 -9.60E+03 
-0.446428  -9.56E+03 
-0.444443429 -9.52E+03 
-0.442460095 -9.48E+03 
-0.440475619 -9.44E+03 
-0.438491714 -9.40E+03 
-0.436507143 -9.36E+03 
-0.434522667 -9.32E+03 
-0.432539333 -9.28E+03 
-0.430554762 -9.24E+03 
-0.428570857 -9.20E+03 
-0.426586952 -9.16E+03 
-0.424602381 -9.13E+03 
-0.422618476 -9.10E+03 
-0.420634571 -9.06E+03 
-0.418651238 -9.02E+03 
-0.416667238 -8.98E+03 
-0.41468219  -8.94E+03 
-0.412697619 -8.90E+03 
-0.410713714 -8.87E+03 
-0.408729143 -8.84E+03 
-0.406745238 -8.80E+03 
-0.404760762 -8.77E+03 
-0.402777429 -8.73E+03 
-0.400792857 -8.70E+03 
-0.398808952 -8.66E+03 
-0.396825619 -8.63E+03 
-0.394841048 -8.60E+03 
-0.392857143 -8.57E+03 
-0.390872667 -8.54E+03 
-0.388888095 -8.51E+03 
-0.38690419  -8.48E+03 
-0.384919619 -8.44E+03 
-0.382935714 -8.41E+03 
-0.380952381 -8.38E+03 
-0.37896781  -8.35E+03 
-0.376983905 -8.31E+03 
-0.374999429 -8.29E+03 
-0.373016095 -8.26E+03 
-0.37103219  -8.23E+03 
-0.369047619 -8.21E+03 
-0.367063714 -8.18E+03 
-0.365078571 -8.15E+03 
-0.363094667 -8.12E+03 
-0.361110762 -8.09E+03 
-0.359125619 -8.07E+03 
-0.357142286 -8.04E+03 
-0.355157714 -8.02E+03 
-0.35317381  -8.00E+03 
-0.351189905 -7.97E+03 
-0.349206  -7.94E+03 
-0.347222  -7.91E+03 
-0.345238095 -7.88E+03 
-0.34325419  -7.86E+03 
-0.341269619 -7.84E+03 
-0.339284571 -7.82E+03 
-0.337300667 -7.80E+03 
-0.335317238 -7.77E+03 
-0.333333333 -7.75E+03 
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-0.331348762 -7.72E+03 
-0.329364286 -7.69E+03 
-0.327380381 -7.67E+03 
-0.325396476 -7.64E+03 
-0.323412476 -7.62E+03 
-0.321429143 -7.59E+03 
-0.319444095 -7.56E+03 
-0.317460095 -7.54E+03 
-0.315475619 -7.51E+03 
-0.313491048 -7.49E+03 
-0.311507143 -7.46E+03 
-0.309523238 -7.44E+03 
-0.307538667 -7.42E+03 
-0.30555419  -7.39E+03 
-0.303570286 -7.36E+03 
-0.301586952 -7.34E+03 
-0.299602952 -7.31E+03 
-0.297619048 -7.28E+03 
-0.295634571 -7.26E+03 
-0.293649429 -7.23E+03 
-0.291666095 -7.20E+03 
-0.289681524 -7.17E+03 
-0.287697619 -7.14E+03 
-0.285713714 -7.12E+03 
-0.283729143 -7.09E+03 
-0.281745238 -7.07E+03 
-0.279761333 -7.04E+03 
-0.277777333 -7.01E+03 
-0.275794095 -6.99E+03 
-0.273809524 -6.96E+03 
-0.271825048 -6.94E+03 
-0.269840476 -6.91E+03 
-0.267856571 -6.88E+03 
-0.265872571 -6.85E+03 
-0.263888095 -6.83E+03 
-0.261903524 -6.80E+03 
-0.259920286 -6.77E+03 
-0.257935143 -6.74E+03 
-0.25595181  -6.72E+03 
-0.253967238 -6.70E+03 
-0.251983905 -6.67E+03 
-0.25   -6.65E+03 
-0.248016095 -6.61E+03 
-0.246031524 -6.58E+03 
-0.244046381 -6.55E+03 
-0.242063048 -6.53E+03 
-0.240079143 -6.50E+03 
-0.238094667 -6.47E+03 
-0.236110762 -6.44E+03 
-0.23412619  -6.41E+03 
-0.232142286 -6.39E+03 
-0.230158952 -6.37E+03 
-0.228175048 -6.34E+03 
-0.226190476 -6.31E+03 
-0.224206571 -6.28E+03 
-0.222222  -6.25E+03 
-0.220237524 -6.22E+03 
-0.218252952 -6.19E+03 
-0.216269048 -6.17E+03 
-0.214285143 -6.14E+03 
-0.212301238 -6.11E+03 
-0.210316095 -6.08E+03 
-0.20833219  -6.05E+03 
-0.206348857 -6.02E+03 
-0.204364857 -5.99E+03 
-0.202380381 -5.97E+03 
-0.200397048 -5.94E+03 
-0.198412476 -5.91E+03 
-0.196428  -5.89E+03 
-0.194444095 -5.86E+03 
-0.192460095 -5.83E+03 
-0.19047619  -5.80E+03 
-0.188491619 -5.77E+03 
-0.186507143 -5.75E+03 
-0.184523238 -5.72E+03 
-0.182539333 -5.69E+03 
-0.180555333 -5.67E+03 
-0.178572  -5.64E+03 
-0.176587524 -5.61E+03 
-0.174602952 -5.58E+03 
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-0.172618476 -5.55E+03 
-0.170634571 -5.53E+03 
-0.16865  -5.50E+03 
-0.166666095 -5.47E+03 
-0.164681524 -5.44E+03 
-0.162697048 -5.41E+03 
-0.160713143 -5.39E+03 
-0.158729143 -5.36E+03 
-0.15674581  -5.33E+03 
-0.154761905 -5.30E+03 
-0.152777429 -5.28E+03 
-0.150793429 -5.25E+03 
-0.148809524 -5.22E+03 
-0.146825048 -5.19E+03 
-0.144841048 -5.16E+03 
-0.142857143 -5.14E+03 
-0.140872571 -5.11E+03 
-0.138888667 -5.08E+03 
-0.136903619 -5.05E+03 
-0.134919619 -5.03E+03 
-0.132936286 -5.00E+03 
-0.130952952 -4.97E+03 
-0.128968476 -4.94E+03 
-0.126983905 -4.92E+03 
-0.124999429 -4.89E+03 
-0.123014857 -4.87E+03 
-0.121030952 -4.84E+03 
-0.119047048 -4.81E+03 
-0.117062476 -4.79E+03 
-0.115078571 -4.76E+03 
-0.113094095 -4.74E+03 
-0.111110095 -4.72E+03 
-0.109126762 -4.69E+03 
-0.107142286 -4.66E+03 
-0.105158381 -4.64E+03 
-0.103174381 -4.62E+03 
-0.101189905 -4.60E+03 
-0.099206571 -4.57E+03 
-0.097222  -4.55E+03 
-0.095238095 -4.53E+03 
-0.093253619 -4.51E+03 
-0.091269619 -4.48E+03 
-0.089285143 -4.46E+03 
-0.087301238 -4.44E+03 
-0.08531781  -4.42E+03 
-0.083332762 -4.40E+03 
-0.081348762 -4.38E+03 
-0.079364857 -4.36E+03 
-0.07737981  -4.33E+03 
-0.07539581  -4.32E+03 
-0.073411905 -4.30E+03 
-0.071428  -4.29E+03 
-0.069444095 -4.28E+03 
-0.067458952 -4.26E+03 
-0.065474952 -4.25E+03 
-0.063491714 -4.23E+03 
-0.061507143 -4.21E+03 
-0.05952381  -4.18E+03 
-0.057539905 -4.14E+03 
-0.055555333 -4.11E+03 
-0.053570857 -4.06E+03 
-0.051586952 -4.02E+03 
-0.049603619 -3.96E+03 
-0.047619048 -3.90E+03 
-0.045635143 -3.82E+03 
-0.04365  -3.74E+03 
-0.041666095 -3.65E+03 
-0.03968219  -3.54E+03 
-0.03769819  -3.43E+03 
-0.035714286 -3.31E+03 
-0.033730381 -3.18E+03 
-0.031745238 -3.03E+03 
-0.029761333 -2.87E+03 
-0.027777333 -2.69E+03 
-0.025792857 -2.51E+03 
-0.023808952 -2.31E+03 
-0.021824381 -2.10E+03 
-0.019840476 -1.88E+03 
-0.017856571 -1.64E+03 
-0.015872  -1.39E+03 
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-0.013888095 -1.14E+03 
-0.01190419  -8.85E+02 
-0.009919619 -6.32E+02 
-0.007932762 -3.95E+02 
-0.005942286 -1.99E+02 
-0.003919619 -6.63E+01 
-0.001814857 -7.15E+00 
0   0.00E+00 
0.5   1.00E+05 
5   1.00E+06]]> 
      </TABLE> 
   </FUNCTION.XY> 
 
LD24 material model 
<MATERIAL.FOAM 
      NAME="mat_LD24" 
      DAMP_COEF="2E-9" 
      MU="1" 
      ID="968" 
      DENSITY="24" 
      CHAR="/char_LD24" 
      DATA_TYPE="NOMINAL" 
      > 
      <RATE.FUNC 
         FREQUENCY_CUT_OFF="1000" 
         RATE_SCALE_FUNC="/func_foam_rate" 
      /> 
   </MATERIAL.FOAM> 
<CHARACTERISTIC.MATERIAL 
      NAME="char_LD24" 
      ID="15" 
      LOAD_FUNC="/func_LD24_load" 
      ELAS_LIMIT="0.0" 
      HYS_SLOPE="2.0E9" 
      HYS_MODEL="2" 
      UNLOAD_FUNC="/func_LD24_unload" 
      > 
      <FUNC_USAGE.2D 
         INTERPOLATION="LINEAR" 
         FUNC="/func_LD24_load" 
      /> 
      <FUNC_USAGE.2D 
         Y_SCALE="0.001" 
         INTERPOLATION="LINEAR" 
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         FUNC="/func_LD24_unload" 
      /> 
   </CHARACTERISTIC.MATERIAL> 
   <FUNCTION.XY 
      NAME="func_LD24_load" 
      DESCRIPTION="Quasi-static data" 
      ID="944" 
      > 
      <TABLE 
         TYPE="XY_PAIR" 
         > 
<![CDATA[|XI YI| 
-0.9   -1.00+E08 
-0.85   -1.00+E06 
-0.806381333 -4.22E+05 
-0.799439667 -3.97E+05 
-0.792495667 -3.70E+05 
-0.78555  -3.54E+05 
-0.778604333 -3.43E+05 
-0.771662667 -3.34E+05 
-0.764716667 -3.25E+05 
-0.757773  -3.15E+05 
-0.750829  -3.06E+05 
-0.743885333 -2.97E+05 
-0.736941667 -2.89E+05 
-0.729996  -2.81E+05 
-0.723052  -2.73E+05 
-0.716108333 -2.66E+05 
-0.709164667 -2.59E+05 
-0.702218667 -2.52E+05 
-0.695275  -2.46E+05 
-0.688331333 -2.39E+05 
-0.681385333 -2.33E+05 
-0.674441667 -2.27E+05 
-0.6675  -2.22E+05 
-0.660552  -2.16E+05 
-0.653604333 -2.11E+05 
-0.646662667 -2.06E+05 
-0.639718667 -2.01E+05 
-0.632777  -1.97E+05 
-0.625831333 -1.92E+05 
-0.618885333 -1.88E+05 
-0.611943667 -1.83E+05 
-0.604998  -1.79E+05 
-0.598052  -1.75E+05 
-0.591108333 -1.71E+05 
-0.584166667 -1.68E+05 
-0.577218667 -1.64E+05 
-0.570275  -1.60E+05 
-0.563331333 -1.57E+05 
-0.556385333 -1.54E+05 
-0.549441667 -1.50E+05 
-0.542502  -1.47E+05 
-0.535556333 -1.44E+05 
-0.528610333 -1.41E+05 
-0.521664667 -1.38E+05 
-0.514718667 -1.35E+05 
-0.507779333 -1.32E+05 
-0.500833333 -1.29E+05 
-0.493885333 -1.27E+05 
-0.486939667 -1.24E+05 
-0.479998  -1.21E+05 
-0.473054  -1.19E+05 
-0.466110333 -1.16E+05 
-0.459164667 -1.13E+05 
-0.452220667 -1.11E+05 
-0.445275  -1.08E+05 
-0.438331333 -1.06E+05 
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-0.431387667 -1.04E+05 
-0.424446  -1.01E+05 
-0.4175  -9.89E+04 
-0.410554333 -9.67E+04 
-0.403610333 -9.45E+04 
-0.396664667 -9.24E+04 
-0.389720667 -9.03E+04 
-0.382777  -8.82E+04 
-0.375833333 -8.62E+04 
-0.368889667 -8.42E+04 
-0.361946  -8.23E+04 
-0.354996  -8.04E+04 
-0.348054333 -7.86E+04 
-0.341108333 -7.68E+04 
-0.334164667 -7.50E+04 
-0.327221  -7.33E+04 
-0.320275  -7.16E+04 
-0.313331333 -6.99E+04 
-0.306385333 -6.83E+04 
-0.299443667 -6.67E+04 
-0.2925  -6.51E+04 
-0.285554333 -6.36E+04 
-0.278610333 -6.21E+04 
-0.271662667 -6.06E+04 
-0.264723  -5.91E+04 
-0.257779333 -5.77E+04 
-0.250831333 -5.63E+04 
-0.243889667 -5.50E+04 
-0.236941667 -5.36E+04 
-0.229998  -5.23E+04 
-0.223054333 -5.10E+04 
-0.216112333 -4.98E+04 
-0.209171  -4.85E+04 
-0.202223  -4.73E+04 
-0.195277  -4.61E+04 
-0.188333333 -4.50E+04 
-0.181387667 -4.38E+04 
-0.174443667 -4.27E+04 
-0.167498  -4.16E+04 
-0.160554333 -4.06E+04 
-0.153608333 -3.95E+04 
-0.146664667 -3.85E+04 
-0.139721  -3.75E+04 
-0.132777  -3.65E+04 
-0.125833333 -3.55E+04 
-0.118889667 -3.46E+04 
-0.111943667 -3.36E+04 
-0.105  -3.27E+04 
-0.098054333 -3.17E+04 
-0.091108333 -3.08E+04 
-0.084168667 -2.97E+04 
-0.077223  -2.86E+04 
-0.070275  -2.74E+04 
-0.063331333 -2.60E+04 
-0.056387667 -2.44E+04 
-0.049446  -2.24E+04 
-0.0425  -2.01E+04 
-0.035554333 -1.70E+04 
-0.028610333 -1.31E+04 
-0.021664667 -8.56E+03 
-0.014716667 -4.25E+03 
-0.007764667 -1.36E+03 
0   0.00E+00 
0.5   1.00E+05 
5   1.00E+06]]> 
 
      </TABLE> 
   </FUNCTION.XY> 
 
LRGR45 material model 
<MATERIAL.FOAM 
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      DAMP_COEF="2E-9" 
      MU="1" 
      NAME="mat_LRGR45" 
      ID="969" 
      DENSITY="45" 
      CHAR="/char_LRGR45" 
      DATA_TYPE="NOMINAL" 
      > 
      <RATE.FUNC 
         RATE_SCALE_FUNC="/func_foam_rate" 
         FREQUENCY_CUT_OFF="1000" 
      /> 
   </MATERIAL.FOAM> 
<CHARACTERISTIC.MATERIAL 
      NAME="char_LRGR45" 
      ID="16" 
      LOAD_FUNC="/func_LRGR45_load" 
      ELAS_LIMIT="0.0" 
      HYS_SLOPE="1.55E9" 
      HYS_MODEL="2" 
      UNLOAD_FUNC="/func_LRGR45_unload" 
      > 
      <FUNC_USAGE.2D 
         INTERPOLATION="LINEAR" 
         FUNC="/func_LRGR45_load" 
      /> 
      <FUNC_USAGE.2D 
         FUNC="/func_LRGR45_unload" 
         INTERPOLATION="LINEAR" 
         Y_SCALE="0.001" 
      /> 
   </CHARACTERISTIC.MATERIAL> 
   <FUNCTION.XY 
      NAME="func_LRGR45_load" 
      DESCRIPTION="Quasi-static data" 
      ID="945" 
      > 
      <TABLE 
         TYPE="XY_PAIR" 
         > 
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<![CDATA[|XI YI| 
-0.93  -20000000 
-0.92  -5000000 
-0.91  -1000000 
-0.8999963 -3.57E+05 
-0.8979138 -2.79E+05 
-0.8958307 -2.44E+05 
-0.8937469 -2.34E+05 
-0.8916644 -2.18E+05 
-0.8895813 -2.00E+05 
-0.8874982 -1.85E+05 
-0.885415 -1.72E+05 
-0.8833319 -1.60E+05 
-0.8812482 -1.50E+05 
-0.879165 -1.40E+05 
-0.8770825 -1.31E+05 
-0.8750001 -1.23E+05 
-0.8729169 -1.16E+05 
-0.8708319 -1.09E+05 
-0.8687481 -1.03E+05 
-0.8666662 -9.69E+04 
-0.8645825 -9.17E+04 
-0.8624994 -8.68E+04 
-0.8604163 -8.23E+04 
-0.8583325 -7.82E+04 
-0.8562488 -7.44E+04 
-0.8541657 -7.08E+04 
-0.8520825 -6.76E+04 
-0.8499994 -6.45E+04 
-0.8479163 -6.16E+04 
-0.8458326 -5.90E+04 
-0.84375 -5.65E+04 
-0.8416651 -5.41E+04 
-0.8395826 -5.20E+04 
-0.8375 -4.99E+04 
-0.8354163 -4.80E+04 
-0.8333331 -4.62E+04 
-0.8312494 -4.45E+04 
-0.8291663 -4.29E+04 
-0.8270832 -4.14E+04 
-0.825 -4.00E+04 
-0.8229176 -3.86E+04 
-0.8208338 -3.73E+04 
-0.8187506 -3.61E+04 
-0.8166662 -3.50E+04 
-0.8145832 -3.39E+04 
-0.8125001 -3.28E+04 
-0.8104162 -3.19E+04 
-0.8083331 -3.09E+04 
-0.8062487 -3.00E+04 
-0.8041657 -2.92E+04 
-0.8020831 -2.84E+04 
-0.7999994 -2.76E+04 
-0.7979169 -2.69E+04 
-0.7958338 -2.62E+04 
-0.7937494 -2.55E+04 
-0.7916663 -2.49E+04 
-0.7895832 -2.43E+04 
-0.7875001 -2.37E+04 
-0.7854169 -2.31E+04 
-0.7833332 -2.26E+04 
-0.78125 -2.21E+04 
-0.7791663 -2.16E+04 
-0.7770838 -2.11E+04 
-0.7750006 -2.07E+04 
-0.7729169 -2.02E+04 
-0.7708344 -1.98E+04 
-0.76875 -1.94E+04 
-0.7666663 -1.90E+04 
-0.7645831 -1.86E+04 
-0.7624994 -1.83E+04 
-0.7604163 -1.79E+04 
-0.7583331 -1.76E+04 
-0.7562487 -1.73E+04 
-0.7541663 -1.69E+04 
-0.7520831 -1.66E+04 
-0.75  -1.63E+04 
-0.7479169 -1.61E+04 
-0.7458338 -1.58E+04 
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-0.74375 -1.55E+04 
-0.7416669 -1.53E+04 
-0.7395838 -1.50E+04 
-0.7375 -1.48E+04 
-0.7354169 -1.46E+04 
-0.7333337 -1.43E+04 
-0.7312493 -1.41E+04 
-0.7291669 -1.39E+04 
-0.7270832 -1.37E+04 
-0.7250006 -1.35E+04 
-0.7229181 -1.33E+04 
-0.7208338 -1.31E+04 
-0.7187501 -1.30E+04 
-0.7166669 -1.28E+04 
-0.7145831 -1.26E+04 
-0.7125 -1.24E+04 
-0.7104163 -1.23E+04 
-0.7083332 -1.21E+04 
-0.7062494 -1.20E+04 
-0.7041663 -1.18E+04 
-0.7020832 -1.17E+04 
-0.7  -1.15E+04 
-0.6979169 -1.14E+04 
-0.6958338 -1.13E+04 
-0.69375 -1.12E+04 
-0.6916669 -1.10E+04 
-0.6895832 -1.09E+04 
-0.6875006 -1.08E+04 
-0.6854175 -1.07E+04 
-0.6833331 -1.06E+04 
-0.6812494 -1.04E+04 
-0.6791663 -1.03E+04 
-0.6770838 -1.02E+04 
-0.6750013 -1.01E+04 
-0.6729175 -1.00E+04 
-0.6708331 -9.92E+03 
-0.66875 -9.83E+03 
-0.6666657 -9.73E+03 
-0.6645831 -9.63E+03 
-0.6624994 -9.54E+03 
-0.6604163 -9.46E+03 
-0.6583331 -9.37E+03 
-0.6562488 -9.28E+03 
-0.6541662 -9.20E+03 
-0.6520831 -9.12E+03 
-0.6500006 -9.04E+03 
-0.6479175 -8.97E+03 
-0.6458337 -8.89E+03 
-0.6437507 -8.82E+03 
-0.6416663 -8.75E+03 
-0.6395832 -8.68E+03 
-0.6375006 -8.61E+03 
-0.6354169 -8.54E+03 
-0.6333338 -8.48E+03 
-0.6312494 -8.41E+03 
-0.6291663 -8.34E+03 
-0.6270844 -8.28E+03 
-0.6250007 -8.23E+03 
-0.6229175 -8.17E+03 
-0.6208338 -8.11E+03 
-0.61875 -8.05E+03 
-0.6166669 -7.99E+03 
-0.6145832 -7.93E+03 
-0.6125 -7.88E+03 
-0.6104162 -7.82E+03 
-0.6083331 -7.77E+03 
-0.6062494 -7.72E+03 
-0.6041663 -7.67E+03 
-0.6020831 -7.62E+03 
-0.6000007 -7.56E+03 
-0.5979169 -7.51E+03 
-0.5958338 -7.46E+03 
-0.5937487 -7.41E+03 
-0.5916663 -7.36E+03 
-0.5895831 -7.32E+03 
-0.5875 -7.28E+03 
-0.5854169 -7.23E+03 
-0.5833338 -7.18E+03 
-0.58125 -7.14E+03 
-0.5791675 -7.10E+03 
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-0.5770837 -7.05E+03 
-0.5750007 -7.01E+03 
-0.5729175 -6.97E+03 
-0.5708331 -6.93E+03 
-0.56875 -6.89E+03 
-0.5666662 -6.84E+03 
-0.5645831 -6.80E+03 
-0.5625 -6.76E+03 
-0.5604163 -6.72E+03 
-0.5583331 -6.68E+03 
-0.5562494 -6.64E+03 
-0.5541669 -6.60E+03 
-0.5520831 -6.57E+03 
-0.5500006 -6.53E+03 
-0.5479169 -6.50E+03 
-0.5458325 -6.46E+03 
-0.5437494 -6.43E+03 
-0.5416662 -6.39E+03 
-0.5395832 -6.36E+03 
-0.5375 -6.32E+03 
-0.5354169 -6.29E+03 
-0.5333337 -6.24E+03 
-0.53125 -6.21E+03 
-0.5291675 -6.18E+03 
-0.5270844 -6.15E+03 
-0.5250013 -6.12E+03 
-0.5229169 -6.09E+03 
-0.5208331 -6.05E+03 
-0.51875 -6.02E+03 
-0.5166669 -5.99E+03 
-0.5145838 -5.95E+03 
-0.5124994 -5.92E+03 
-0.5104169 -5.89E+03 
-0.5083325 -5.86E+03 
-0.50625 -5.84E+03 
-0.5041663 -5.81E+03 
-0.5020831 -5.77E+03 
-0.5  -5.74E+03 
-0.4979169 -5.71E+03 
-0.4958332 -5.68E+03 
-0.49375 -5.66E+03 
-0.4916663 -5.63E+03 
-0.4895838 -5.60E+03 
-0.4875 -5.57E+03 
-0.4854175 -5.55E+03 
-0.4833337 -5.52E+03 
-0.48125 -5.50E+03 
-0.4791675 -5.48E+03 
-0.4770831 -5.45E+03 
-0.4750012 -5.42E+03 
-0.4729175 -5.39E+03 
-0.4708338 -5.37E+03 
-0.4687506 -5.34E+03 
-0.4666669 -5.32E+03 
-0.4645831 -5.30E+03 
-0.4625007 -5.27E+03 
-0.4604156 -5.25E+03 
-0.4583332 -5.22E+03 
-0.4562494 -5.20E+03 
-0.4541663 -5.17E+03 
-0.4520831 -5.15E+03 
-0.45  -5.13E+03 
-0.4479175 -5.10E+03 
-0.4458338 -5.08E+03 
-0.44375 -5.05E+03 
-0.4416663 -5.03E+03 
-0.4395831 -5.01E+03 
-0.4375006 -4.99E+03 
-0.4354169 -4.97E+03 
-0.4333331 -4.94E+03 
-0.4312506 -4.91E+03 
-0.4291669 -4.89E+03 
-0.4270838 -4.87E+03 
-0.4250006 -4.86E+03 
-0.4229175 -4.84E+03 
-0.4208338 -4.81E+03 
-0.4187494 -4.79E+03 
-0.4166663 -4.77E+03 
-0.4145831 -4.75E+03 
-0.4124994 -4.72E+03 
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-0.4104163 -4.70E+03 
-0.4083331 -4.69E+03 
-0.4062494 -4.66E+03 
-0.4041663 -4.64E+03 
-0.4020832 -4.62E+03 
-0.4000006 -4.60E+03 
-0.3979169 -4.58E+03 
-0.3958331 -4.56E+03 
-0.3937501 -4.54E+03 
-0.3916663 -4.52E+03 
-0.3895838 -4.50E+03 
-0.3875 -4.49E+03 
-0.3854169 -4.47E+03 
-0.3833337 -4.44E+03 
-0.3812494 -4.42E+03 
-0.3791669 -4.40E+03 
-0.3770832 -4.38E+03 
-0.3750006 -4.37E+03 
-0.3729181 -4.35E+03 
-0.3708331 -4.34E+03 
-0.36875 -4.32E+03 
-0.3666663 -4.30E+03 
-0.3645831 -4.28E+03 
-0.3625 -4.26E+03 
-0.3604163 -4.23E+03 
-0.3583331 -4.22E+03 
-0.3562494 -4.20E+03 
-0.3541669 -4.18E+03 
-0.3520838 -4.16E+03 
-0.3500006 -4.14E+03 
-0.3479175 -4.13E+03 
-0.3458338 -4.12E+03 
-0.3437494 -4.10E+03 
-0.3416663 -4.08E+03 
-0.3395837 -4.06E+03 
-0.3375006 -4.05E+03 
-0.3354169 -4.03E+03 
-0.3333331 -4.01E+03 
-0.33125 -3.99E+03 
-0.3291669 -3.97E+03 
-0.3270837 -3.96E+03 
-0.3250007 -3.95E+03 
-0.3229175 -3.93E+03 
-0.3208338 -3.91E+03 
-0.31875 -3.90E+03 
-0.3166663 -3.88E+03 
-0.3145838 -3.86E+03 
-0.3125 -3.85E+03 
-0.3104169 -3.83E+03 
-0.3083325 -3.81E+03 
-0.3062494 -3.79E+03 
-0.3041663 -3.78E+03 
-0.3020831 -3.76E+03 
-0.3000006 -3.74E+03 
-0.2979175 -3.73E+03 
-0.2958338 -3.72E+03 
-0.2937506 -3.71E+03 
-0.2916662 -3.69E+03 
-0.2895831 -3.67E+03 
-0.2875006 -3.66E+03 
-0.2854169 -3.64E+03 
-0.2833331 -3.63E+03 
-0.28125 -3.61E+03 
-0.2791669 -3.60E+03 
-0.2770838 -3.58E+03 
-0.2750006 -3.57E+03 
-0.2729175 -3.55E+03 
-0.2708338 -3.54E+03 
-0.2687506 -3.52E+03 
-0.2666669 -3.51E+03 
-0.2645831 -3.49E+03 
-0.2625 -3.47E+03 
-0.2604169 -3.46E+03 
-0.2583325 -3.45E+03 
-0.2562487 -3.43E+03 
-0.2541662 -3.42E+03 
-0.2520838 -3.40E+03 
-0.2500006 -3.38E+03 
-0.2479169 -3.37E+03 
-0.2458331 -3.36E+03 
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-0.2437494 -3.35E+03 
-0.2416662 -3.34E+03 
-0.2395831 -3.32E+03 
-0.2375 -3.31E+03 
-0.2354169 -3.29E+03 
-0.2333331 -3.27E+03 
-0.2312494 -3.26E+03 
-0.2291663 -3.25E+03 
-0.2270831 -3.24E+03 
-0.2250012 -3.23E+03 
-0.2229175 -3.21E+03 
-0.2208338 -3.20E+03 
-0.21875 -3.18E+03 
-0.2166663 -3.17E+03 
-0.2145838 -3.15E+03 
-0.2125 -3.14E+03 
-0.2104163 -3.13E+03 
-0.2083331 -3.12E+03 
-0.2062488 -3.11E+03 
-0.2041663 -3.09E+03 
-0.2020831 -3.08E+03 
-0.2000006 -3.07E+03 
-0.1979175 -3.05E+03 
-0.1958338 -3.04E+03 
-0.19375 -3.03E+03 
-0.1916663 -3.01E+03 
-0.1895831 -2.99E+03 
-0.1875006 -2.98E+03 
-0.1854169 -2.98E+03 
-0.1833337 -2.96E+03 
-0.1812494 -2.95E+03 
-0.1791663 -2.94E+03 
-0.1770838 -2.93E+03 
-0.1750013 -2.91E+03 
-0.1729175 -2.90E+03 
-0.1708338 -2.89E+03 
-0.16875 -2.88E+03 
-0.1666669 -2.87E+03 
-0.1645831 -2.85E+03 
-0.1625 -2.84E+03 
-0.1604169 -2.82E+03 
-0.1583325 -2.81E+03 
-0.1562487 -2.80E+03 
-0.1541663 -2.79E+03 
-0.1520838 -2.78E+03 
-0.1500006 -2.77E+03 
-0.1479169 -2.75E+03 
-0.1458338 -2.74E+03 
-0.14375 -2.73E+03 
-0.1416669 -2.71E+03 
-0.1395838 -2.70E+03 
-0.1375 -2.69E+03 
-0.1354175 -2.67E+03 
-0.1333331 -2.66E+03 
-0.13125 -2.65E+03 
-0.1291669 -2.64E+03 
-0.1270831 -2.63E+03 
-0.1250012 -2.61E+03 
-0.1229175 -2.60E+03 
-0.1208338 -2.58E+03 
-0.1187506 -2.56E+03 
-0.1166663 -2.55E+03 
-0.1145831 -2.54E+03 
-0.1124994 -2.53E+03 
-0.1104163 -2.51E+03 
-0.1083331 -2.49E+03 
-0.1062487 -2.47E+03 
-0.1041663 -2.46E+03 
-0.1020831 -2.45E+03 
-0.1000006 -2.43E+03 
-0.0979175 -2.41E+03 
-0.0958331 -2.39E+03 
-0.09375 -2.37E+03 
-0.0916669 -2.35E+03 
-0.0895837 -2.33E+03 
-0.0875006 -2.31E+03 
-0.0854169 -2.29E+03 
-0.0833338 -2.27E+03 
-0.08125 -2.24E+03 
-0.0791663 -2.22E+03 
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-0.0770831 -2.20E+03 
-0.075 -2.17E+03 
-0.0729181 -2.15E+03 
-0.0708337 -2.12E+03 
-0.06875 -2.09E+03 
-0.0666663 -2.06E+03 
-0.0645831 -2.04E+03 
-0.0625 -2.00E+03 
-0.0604169 -1.97E+03 
-0.0583331 -1.94E+03 
-0.0562494 -1.90E+03 
-0.0541663 -1.86E+03 
-0.0520831 -1.82E+03 
-0.05  -1.78E+03 
-0.0479169 -1.74E+03 
-0.0458337 -1.69E+03 
-0.04375 -1.64E+03 
-0.0416669 -1.59E+03 
-0.0395838 -1.54E+03 
-0.0375006 -1.48E+03 
-0.0354169 -1.42E+03 
-0.0333337 -1.36E+03 
-0.0312494 -1.29E+03 
-0.0291662 -1.22E+03 
-0.0270831 -1.15E+03 
-0.0250006 -1.07E+03 
-0.0229175 -9.82E+02 
-0.0208338 -8.91E+02 
-0.0187506 -8.01E+02 
-0.0166669 -7.06E+02 
-0.0145838 -6.00E+02 
-0.0125006 -4.90E+02 
-0.0104156 -3.84E+02 
-0.00833 -2.91E+02 
-0.00624 -2.03E+02 
-0.0041175 -1.05E+02 
-0.0019144 -2.72E+01 
0 0 
0.5 1.00E+05 
5 1.00E+06]]> 
      </TABLE> 
   </FUNCTION.XY> 
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Appendix B: Model verification 
A representative model verification example is presented below. Figures B-1 through B-3 
below present comparisons of numerical model and physical test kinematics at elapsed times 
of 50, 100 and 150 ms, respectively. The seating configuration presented here is the aft 
passenger lap belt configuration discussed in section 5.8.4. 
 
Figure B-1: Verification of numerical model kinematics against physical test; CRS installed by 
lap-belt occupied by three-year-old ATD, Hybrid III 50th percentile male ATD seated aft. 
Time 50 ms. 
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 Figure B-2: Verification of numerical model kinematics against physical test; CRS installed by 
lap-belt occupied by three-year-old ATD, Hybrid III 50th percentile male ATD seated aft. 
Time 100 ms. 
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 Figure B-3: Verification of numerical model kinematics against physical test; CRS installed by 
lap-belt occupied by three-year-old ATD, Hybrid III 50th percentile male ATD seated aft. 
Time 150 ms. 
Figure B-4 below presents an energy balance plot for the abovementioned configuration. An 
energy balance plot was used to ensure that no unexpected changes in energy occurred in the 
numerical model throughout the simulation. 
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 Figure B-4: Energy balance plot; CRS installed by lap-belt occupied by three-year-old ATD, 
Hybrid III 50th percentile male ATD seated aft. 
Figure B-5 below presents the seat/sled reaction loads for the rear seat in the abovementioned 
configuration. This load was not measured in the physical tests; however, it was assessed 
during the verification phase to ensure that there were no unexpected effects throughout the 
simulation.  
 
Figure B-5: Sled reaction loads for aft seat; CRS installed by lap-belt occupied by three-year-
old ATD, Hybrid III 50th percentile male ATD seated aft. Positive directions: Fx - aft, Fy - 
right, Fz - up. 
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Appendix C: Validation examples 
Three representative model validation examples are presented below with a graphical 
comparison of signals and also the values of the validation metrics. 
Example one 
Model prediction of adult head acceleration (see Figure C-1) was generally in excellent 
agreement with physical test results. 
∙  
Figure C-1: Aft passenger head resultant acceleration, lap belt CRS case. 
Metric Description 
C = 3.3% A comprehensive error factor of 3.3% indicates a good match between signals. 
Mpos = -4.6% 
The simulation positive peak is smaller in magnitude than the physical test 
positive peak by a value of 4.6% of the physical test positive peak. 
Wpos = 100.0% 
The magnitude of the physical test positive peak is 100% of the amplitude of the 
physical test signal. 
Mneg = N/A No part of the physical test signal is negative. 
Wneg = N/A No part of the physical test signal is negative. 
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Example two 
Model prediction of adult neck injury parameters (see Figure C-2) was generally in reasonable 
agreement with physical test results; however, the degree of match was not sufficient to allow 
injury prediction. 
 
Figure C-2: Aft passenger upper neck axial force, ISOFIX CRS case. 
Metric Description 
C = 28.1% 
A comprehensive error factor of 28.1% indicates a reasonable match between 
signals. 
Mpos = -23.9% 
The simulation positive peak is smaller in magnitude than the physical test positive 
peak by a value of 23.9% of the physical test positive peak. 
Wpos = 62.3% 
The magnitude of the physical test positive peak is 62.3% of the amplitude of the 
physical test signal. 
Mneg = -0.6% 
The simulation negative peak is smaller in magnitude than the physical test positive 
peak by a value of 0.6% of the physical test negative peak. 
Wneg = 37.7% 
The magnitude of the physical test negative peak is 37.7% of the amplitude of the 
physical test signal. 
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Example three 
Model prediction of adult leg injury parameters (see Figure C-3) was generally poor. The 
model was not used to assess or compare leg injury. 
 
Figure C-3: Aft passenger right femur axial force, baseline case. 
Metric Description 
C = 95.4% A comprehensive error factor of 95.4% indicates a poor match between signals. 
Mpos = 131.8% 
The simulation positive peak is larger in magnitude than the physical test positive 
peak by a value of 131.8% of the physical test positive peak. 
Wpos = 29.1% 
The magnitude of the physical test positive peak is 29.1% of the amplitude of the 
physical test signal. The positive peak is significant, but not as significant as the 
negative peak. 
Mneg = -18.9% 
The simulation negative peak is smaller in magnitude than the physical test 
positive peak by a value of 18.9% of the physical test negative peak. 
Wneg = 70.9% 
The magnitude of the physical test negative peak is 70.9% of the amplitude of the 
physical test signal. 
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Example four 
As with adult occupants, model prediction of infant head acceleration (see Figure C-4) was 
generally in excellent agreement with physical test results. 
 
Figure C-4: 18-month-old infant head resultant acceleration, restrained lap-held configuration. 
Metric Description 
C = 7.6% A comprehensive error factor of indicates a poor match between signals. 
Mpos = -3.1% 
The simulation positive peak is smaller in magnitude than the physical test 
positive peak by a value of 3.1% of the physical test positive peak. 
Wpos = 100% 
The magnitude of the physical test positive peak is 100% of the amplitude 
of the physical test signal. 
Mneg = N/A No part of the physical test signal is negative. 
Wneg = N/A No part of the physical test signal is negative. 
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